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ABSTRACT

The most crucial step in oxygenic Photosynthesis, which maintains our biosphere, is the light-driven charge separation catalyzed by Photosystem I (PSI) and Photosystem II (PSII). Cyanobacterial PSI exists in monomeric, trimeric, and tetrameric forms, as opposed to the monomeric form of PSI in plants and algae. We have reported the first ~3.72 Å resolution cryo-EM structure of tetrameric PSI from the thermophilic cyanobacterium Chroococcidiopsis TS-821. We conclude that the tetramer is arranged via two different interfaces resulting from a dimer-of-dimers organization. Tetrameric PSI may function as a key evolutionary step between the trimeric and monomeric forms of PSI organization in photosynthetic organisms. The tetrameric organization raises questions about its structural, physiological, and evolutional significance. We also highlight the investigation of the structural changes that takes place within microseconds involved in the electron transfer from the lumenal side of cyanobacterial trimeric PSI to stromal end and between PSI to Fd, its primary electron acceptor. We attempted to investigate their subsequent dissociation, using pump-probe Serial Femtosecond Crystallography at X-Ray Free-Electron Laser facilities.  We have established conditions to grow crystals of PSI-Fd co-complex. Understanding the highly conserved molecular mechanisms that enable electron transfer from PSI to Fd, and Fd unbinding will be broadly applicable across photosynthetic organisms and serve as a model system to study inter-protein electron transfer. This interaction is also crucial to understand the assembly of our model bio-hybrid solar cells for the purpose of applied photosynthesis. We have computationally and biochemically generated single and double mutants (combination of both) of Fd from thermophilic cyanobacteria Thermosynechococcus elongatus BP-1 with potentially enhanced or ‘sticky’ binding affinity to PSI. We also describe a novel spectroscopic method using Joliot Type Spectrophotometer (JTS-100) for studying the affinity of Fd and potential high-affinity Fd mutants for PSI. 

PREFACE

I have always been fascinated by the world of microbes and how omnipresent they are with unfathomable capabilities. Over the time, I have realized that I am particularly interested in extremophilic microorganisms, which I think are the most interesting organisms on the planet because they can survive in unimaginable corners of our planet and thereby possibilities of them to be found in other celestial bodies across the solar system. My interest in astrobiology, more specifically in extremophilic astrobiology has taken shape over the time.  

My dissertation work in the laboratory of Dr. Barry Bruce allowed me to study both basic and applied photosynthesis using thermophilic cyanobacteria. This also allowed me to explore my interest in astrobiology by looking through the lens of protein biochemistry, studying the key primary reaction centers and electron transport machinery in the thylakoid membranes. One of the most memorable doctorate research experiences was learning crystallography of the photosystem complexes at the facilities in European XFEL (Germany), SACLA (Japan), and PAL-XFEL (South Korea). We were able to successfully make these crystals and perform pump-probe serial femtosecond X-ray crystallography on them. My research experiences during my undergraduate, masters and doctorate journey have set up a foundation to explore more elements of reaction centers and electron transfer proteins that can shine light on the origin and evolution of these conserved and extremely essential building blocks of life.
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Abstract

Ferredoxin (Fd) is a small soluble iron-sulfur protein essential in almost all oxygenic photosynthetic organisms. It contains a single [2Fe-2S] cluster coordinated by four cysteine ligands. It accepts electrons from the stromal surface of Photosystem I (PSI) and facilitates transfer to a myriad of acceptors involved in diverse metabolic processes, including generation of NADPH via Fd-NADP-reductase, cyclic electron transport for ATP synthesis, nitrate reduction, nitrite reductase, sulfite reduction, hydrogenase and other reductive reactions. Fd serves as the central hub for these diverse cellular reactions and is integral to complex cellular metabolic networks. We describe advances on the central role of Fd and its evolutionary role from cyanobacteria to algae/plants. We compare structural diversity of Fd partners to understand this orchestrating role and shed light on how Fd dynamically partitions between competing partner proteins to enable the optimum transfer of PSI-derived electrons to support cell growth and metabolism.
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Photosynthesis is the major solar energy capture and storage process on Earth. Through storage as energy dense fossil fuels, photosynthesis provides nearly all energy resources to humanity (1-4). Current progress in agriculture and bioenergy is largely due to ongoing research into phototrophic organisms (5, 6). Researchers have achieved meaningful and corroborative results using in vitro systems to mimic the natural processes of photosynthesis that occurs in vivo. They create artiﬁcial systems based on the principles, and utilizing the proteins involved in natural photosynthesis, approximating the same functions in a manufactured system (7-10).

All members of the plant kingdom, algae and many different bacteria are phototrophs. Several species of archaea can generate a transmembrane potential difference under light that necessary for ATP synthesis, but archaea with photoinduced assimilation of CO2 are unknown (1). The ability to do photosynthesis is widespread, encompassing six different photosynthetic phyla of the bacterial kingdom that includes the cyanobacteria, proteobacteria (purple bacteria), green sulfur bacteria (GSB), ﬁrmicutes (heliobacteria), ﬁlamentous anoxygenic phototrophs (FAPs, also frequently called the green non-sulfur bacteria), and acidobacteria (1, 11). Depending on the electron donor and remaining oxidant, two types of photosynthesis are considered: oxygenic photosynthesis (which can split H2O and yield O2) and anoxygenic photosynthesis (which use other electron donors). All prokaryotic photosynthetic organ- isms except cyanobacteria perform anoxygenic photosynthesis. Plants (vascular and non-vascular), and cyanobacteria all perform oxygenic photosynthesis. They utilize water as their primary electron source and molecular oxygen is released as a by-product of water oxidation.

The photochemical and electron/proton transfer steps of photosynthesis occur primarily within membranes. In many photosynthetic organisms, photosynthesis occurs in specialized membranes called thylakoid membranes (12). In some prokaryotic organisms, the cytoplasmic membrane serves as the photosynthetic membrane (13). The minimal, functional and structural unit of photosynthesis is called a photosystem (14, 15). Photosystems are all multi-subunit transmembrane pigment-protein complexes containing antenna subunits, a reaction center, and accessory stabilized subunits. Often the photosystem is associated with one or more peripheral light-harvesting complexes. The nature of these antennae complexes is quite diverse and varies with different organisms. Most antennae complexes are also membrane proteins with the exception of the cyanobacterial phycobilisomes (16, 17). Antenna pigments absorb photons, and the resulting excitation energy migrates through the funnel of pigments to the reaction center. Upon receipt of this excitation energy from the antennae, charge separation occurs in the reaction center. Alternatively, energy in antenna can be absorbed by specialized quenching molecules, mainly carotenoids, and dissipated into heat. This is a photoprotection strategy employed by photosynthetic organisms in times of stress due to high light irradiance.
[bookmark: _Toc108708895]Photosynthetic pigments

Chlorophylls are the most widespread and diverse group of photo-pigments in nature. Their biosynthesis is a complex pathway with 17 or more steps (1, 18). Chlorophylls are the pigments utilized in oxygenic photosynthetic organisms; plants and cyanobacteria with bacteriochlorophyll found in anoxygenic phototrophs. Five variants of chlorophyll are now known, these include: chlorophyll a (Chl a), chlorophyll b (Chl b), chlorophyll c (Chl c), chlorophyll d (Chl d) and chlorophyll f (Chl f) (19, 20). There are, virtually, several kinds of Chl c (Chl c1, Chl c2, Chl c3, and others) with minor differences between them. Various kinds of chlorophylls differ from each other by presence and location of formyl radical substituents (Figure 1A). Structural differences impart differences in absorption spectra (Figure 1B). Chl a is the main pigment of cyanobacteria and plants. Chl d and Chl f both absorb longer wavelength light in comparison with other chlorophylls. Chl d is the only known chlorophyll that can replace all or approximately all the functions of chlorophylls in oxygenic photosynthesis: antenna energy carrier, pigment of the special pair of the reaction center and participant in the electron-transport chain (19). The chemical structure of Chl d is different from Chl a in only the C3 position, where a formyl group in Chl d replaces the vinyl group in Chl a (Figure 1A) (21, 22). Chl f is the most red-shifted chlorophyll (23). Chl structure/function will not be discussed in further detail here as extensive literature exists which outlines distinct kinds of chlorophylls (20, 24, 25). The main pigments of anoxygenic photosynthesis are the bacteriochlorophylls. Bacteriochlorophylls differ from chlorophylls by the degree of unsaturation within the macrocyclic ring (24). As mentioned brieﬂy before, there are carotenoids in all photosynthetic organisms, that are necessary for photoprotection. They generally play the role of accessory pigments, and, in many cases, serve as key regulatory molecules. Carotenoids, unlike chlorophylls, are also found in many other types of organisms, so their evolutionary history may reﬂect many other functions in addition to photosynthesis (19, 26). The cyanobacterial light-harvesting structures called phycobilisomes, contain phycobiliproteins that function in a similar fashion to previously described antennae complexes, capturing photonic energy and funneling it to the to the photosystem. Absorption spectra of phycobiliproteins have maxima in the green, yellow and red regions. So, many of cyanobacteria reﬂect blue light, leading to their early designation as blue-green algae (17).
[bookmark: _Toc108708896]Reaction centers

The reaction  center  (RC)  is  at  the  heart  protein  complex of photosynthesis (27). RCs contain protein-associated dimer of specialized chlorophyll molecules termed the special pair and protein-associated cofactors mainly to perform the transfer of electrons. The special pair receives light energy from the antenna and 
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[bookmark: _Toc108557602]Figure 1. Chlorophylls in oxygenic photosynthesis.
A. Chemical structure of chlorophylls: Chl a, Chl b, Chl d, Chl f. They differ each other by presence and location of formyl radical CHO. 
B. Absorbance spectra of Chl a, Chl b, Chl d, Chl f. Chl f is more longwave absorbed chlorophyll.


reaches the excited state. The excited special pair donates the electron fulﬁlling the role as primary donor, and is subsequently reduced, acting as the primary acceptor. After that, special pair can again absorb energy from antenna pigments (28). Owing to a very tight arrangement of cofactors in the RC, reverse reactions in that scheme are very unlikely, and the quantum yield of charge separation has a value approaching one. This is a very attractive feature for researchers in the solar cell ﬁeld (29). Two types of RCs are known, and they differ from each other by the electron carriers on the acceptor side. Type I RCs have Fe-S compounds at the end of its electron-transport chain and type II RCs have pheophytin/quinone complexes in this position (1). Anoxygenic phototrophs have just one type, either type I or II, however, all oxygenic phototrophs have RCs of both types (Figure 2). The photosystem of oxygenic photosynthetic organisms that contains type I RC is called photosystem I. Another one, containing type II RC, is called photosystem II (PSII) (1, 14).
[bookmark: _Toc108708897]Antenna systems

Typical light adsorption cross-section of RC pigments is very low. Without the associated light collectors, sunlight conversion would be very ineffective. All photosynthetic organisms have a light-harvesting antenna system, that functions to collect sunlight energy and transfer it to the RC where the excited state energy is used to drive photochemistry (1, 17). While the presence of an antenna is universal, the structure of the antenna complexes and even the types of pigments used in them is remarkably diverse in distinct types of photosynthetic organisms (30).
[bookmark: _Toc108708898]Electron transport chains

Electron carriers form an electron transport chain (ETC) in the thylakoid membrane. Electron transfer is activated when the electron donor, with a large negative reduction potential, passes an electron to a more positive carrier,
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[bookmark: _Toc108557603]Figure 2. Electron transfer components in photosynthetic reaction centers. 
Diagram of electron transport in oxygenic phototrophs and anoxygenic bacteria. Reaction centers are shown on left and include the purple bacteria and PSII in oxygenic organisms. Type II are enclosed in pink color; reaction centers of type I are highlighted by green color. The redox potentials of cofactors are represented on the left in volts (V) against the normal hydrogen electrode. Adapted from (1).


facilitating “downhill” transfer in the ETC. The excited special pair of RC is such donor. The ETC includes ﬁxed electron carriers and mobile electron carriers. The last operate within the membrane (i.e. plastoquinol) or outside the membrane (i.e. plastocyanin) from one pigment-protein complex to another or to an enzyme in plasma (9, 31, 32).

Electron transport can be cyclic or linear. The ETC for cyclic electron transport is a closed loop, with the ﬁnal acceptor donating an electron to the primary donor (33). This transport does not conclude to the production of a redox equivalent (1). But cyclic electron transport coupled with transmembrane proton transfer, terminating with the generation of a transmembrane proton gradient, resulting in the subsequent synthesis of ATP. During linear electron transport, an electron from the special pair is used to reduce NADP (or NAD in bacteria) (34). Both, ATP and NADPH (NADH), result from these photochemical reactions. Linear electron transport requires an exogenous electron donor.

In anoxygenic bacteria compounds such as H2S, H2, or other inorganic substrates serve as exogenous electron donors. In contrast, oxygenic organisms use water as their main electron source. The reduction potential of water is E(2H2O/O2) = +0.82 V, and that of NADP is E (NADPH/NAD+) =   0.32 V (14) (Figure 2). For electron transfer from one to another, the energy of one quantum of visible light is not sufﬁcient. To overcome this, oxygenic organisms utilize two photosystems with different types of RCs (1, 14). Photosystem II adsorbs light quanta with shorter wavelength and contains a manganese rich, metalloenzyme subunit called the oxygen-evolving complex (OEC), which is responsible for the oxidation of water (32, 35). The functionalized core of the OEC consists of a tetranuclear manganese complex that facilitates a ﬁve-step oxidation process, involving two water molecules. Four of these ﬁve steps are light-dependent. Electrons from H2O are passed to the special pair that is oxidized following a photoexcitation event. In one cycle of the OEC, four liberated protons from water remain in the lumen (in plants and cyanobacteria) or periplasm (cyanobacteria). At the terminal, light-independent step in this process O2 is evolved as by-product (31, 36).

Lending to the conceptual path of the electron through the ETC in oxygenic organisms during linear electron ﬂow, this path is often visualized as the so-called Z-scheme (8). In addition to the photosystems, the ETC includes the membrane bound cytochrome bc1 or b6f complex. These complexes oxidize quinols produced by photochemistry in type II RCs or during cyclic electron transfer involving type I RCs. The second function of these proteins involves the pumping of protons across the thylakoid membrane, lowering the pH of the lumen and generating a proton gradient. Almost all phototrophic organisms have a cytochrome bc1 or b6f type complex of generally similar architecture (37).

Composition of the extracted pigment-protein complexes depends on the isolation technique, relating mainly to PSII. Dependent on the purity of the extract, one can obtain: BBY particles (fragments of thylakoid membranes enriched by PSII complexes without PSI complexes core-complexes), core complexes including the RC, intrinsic antenna subunits and subunits of the oxygen evolving complex, and single reaction centers without any antenna subunit or oxygen evolving complex (38-41). The term photosystem does not apply to pigment-protein complexes of anoxygenic photosynthetic organisms. For example, in purple bacteria, isolated complexes are referred to as RC, RC-LHI or RC-LHI-LHII (1). The ﬁrst contains only reaction center, the last contain RC and both antenna complexes (referred to as “light harvesting complexes,” hence the LH abbreviation). Isolation of RCs from bacterial cells is easier than from cyanobacteria or, surely, from higher plants (42).
[bookmark: _Toc108708899]Plant and cyanobacteria

The photosynthetic apparatus of plants and bacteria are very similar. Both types of phototrophs undergo oxygenic photosynthesis. Therefore, the thylakoid membranes of each contain PSI, PSII and cytochrome b6f complexes (14). Though differences exist between cyanobacteria, and high plants, the protein subunits of photosystems I and II are remarkably highly conserved across the two groups. One distinction between them, is the structure of the external antenna. Cyanobacteria contain phycobilisomes as antenna complexes. The phycobilisome is a peripheral membrane protein that incorporates phycobilins as their main pigment. Phycobilisomes are docked to PSII in the normal state, the most optimum and occupied state, allowing for linear electron transfer and photosynthesis to occur. Plant thylakoids contain light harvesting complex I (LHCI) connected with PSI and light harvesting complex II (LHCII) antenna complexes, primarily bound to PSII (17, 43). LHCII can migrate from PSII to PSI under high light stress, this action is referred to as state transition. LHCI and LHCII are pigment-protein transmembrane complexes containing chlorophylls and carotenoids (17, 43). Another key distinction between plants and cyanobacteria concerns the oligomeric state and soluble electron donor proteins associated with PSI. PSI exists only in monomeric form in plants and can be found in trimeric form in cyanobacteria. Plastocyanin, a copper based soluble electron carrier protein, is the only electron donor for PSI in plants (44). Whereas in cyanobacteria, both plastocyanin and cytochrome c may act as electron donors to PSI.

[bookmark: _Toc108708900]Ferredoxin: The Central Hub Connecting Photosystem I to cellular metabolism
[bookmark: _Toc108708901]Overview

The discovery of Fd is itself an interesting achievement in the history of biochemistry. Its role in the cellular oxidation-reduction processes is essential in organisms ranging from non-photosynthetic anaerobic bacteria to photosynthetic unicellular and multicellular life forms. It was first discovered and characterized over 50 years ago (45) in an obligate anaerobic non-photosynthetic bacterium, Clostridium pasteurianum. It was identified as an iron containing protein that transfers electron from hydrogenases to a variety of acceptors and contains no heme or flavin prosthetic group. Mortenson et al were the first to call this protein “ferredoxin” (Fd). Dan Arnon and collaborators were the first to investigate the role of Fd in photosynthesis as described over 50 years ago (46).  The Arnon lab was key in unifying the observed functions of Fd, previously believed to be executed by several individual proteins: methemoglobin-reducing factor (MRF) (47), NADP+ reducing factor (NRF) (48) and photosynthetic pyridine nucleotide reductase (PPNR) (49). These different biochemical processes rely on the donation of an electron from a distinct family of proteins, now accepted to be ferredoxins.
 
Since the discovery of Fd, its role has been extensively studied and identified to function in several processes across almost all living organisms. In oxygenic phototrophs, Fd plays a vital role in the electron transport chain as the ultimate electron acceptor from photosystem I (PSI), although in some cyanobacteria and algae, flavodoxin may be expressed and provide the same role under iron-limiting conditions where Fd is not expressed (50). When illuminated, electrons from PSI primarily follow a linear path to reduce Fd and subsequent downstream targets such as Fd-NADP+ Reductase (FNR), which catalyzes the reduction of NADP+ to NADPH. NADPH serves as the electron donor for the reduction of 1,3-bisphosphoglyceric acid to glyceraldehyde-3-phosophate, driving an important step in carbon dioxide assimilation in all plants and photosynthetic microbes (C3, C4, CAM, algae and cyanobacteria). But the electron donation function of Fd is not limited to FNR, since it is now clear that Fd also serves as a major electron donor to many other partners including, but not limited to: proton reduction by [2Fe-2S]-hydrogenases, sulfite to sulfide reduction catalyzed by an Fd-dependent sulfite reductase, reduction of nitrite to ammonia by Fd-dependent nitrite reductase, cyclic electron transport for generation of a steeper proton gradient necessary for ATP production, reduction of thioredoxins that are involved in the regulation of carbon assimilation and phycobilin synthesis mediated by reduction of biliverdin, catalyzed by Fd-dependent bilin reductases (51-55). 
Fds act as an electron carrier that shuttles electrons to diverse redox driven metabolic pathways. In most plants and photosynthetic cyanobacteria, Fds are known to have [2Fe-2S] cluster coordinated by protein cysteine residues which act as the central acceptor site for the transfer of electrons from PSI. Fd carries a single electron. The redox state of both Fe in the oxidized protein is 3+ and when reduced only one of the Fe becomes 2+. In algae and higher plants, the redox potential of Fds differs due to varying isoforms, which are grouped phylogenetically into source tissues (phototrophic) and sink tissue such as roots (56). The crystal structure of the first plant-type Fd was obtained from the cyanobacterium Spirulina platensis with a resolution of 2.5 Å (57, 58).  Fd shares a compact structural fold (also known as the Fd-fold) with several metal-binding proteins which is composed of 2 α helices and 4 β strands (59). The overall structure of Fds in cyanobacteria, algae and higher plants varies with a mass range of 10-30 kDa but all retain a conserved amino acid motif (CX4CX2CXnC) for the proper assembly of the [2Fe-2S] cluster that leads to the formation of mature protein from apoprotein (60).  This conserved sequence can be observed in the alignment of the region generated in Clustal Omega (61) shown in Figure 3. 

The central role of Fd to many cellular processes is intriguing due to its relatively conserved structure. It is therefore interesting how it can function with so many partner proteins. Our aim is to understand how this is possible. More specifically, our interest is to look into the need for this conserved nature of structure and the coordination of its 2Fe-2S center close to the surface of electron transfer and the need to allow docking of Fd at the electron donor site. Figure 4A shows a superimposition of 6 different Fds generated using MOETM (62) and Figure 4B shows the root-mean-square deviation (RMSD) value generated in R with "corrplot" package and RColorBrewer (63-65).  It is clear from this figure that from primitive cyanobacteria to higher plants, the overall structure of Fd remains highly conserved. Investigation of the presence of structural variation and overall flexibility might allow the interaction of Fd with all its electron transfer partners.
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[bookmark: _Toc108557604]Figure 3. Conserved amino acid motif of Fd for [2Fe-2S] cluster assembly
Multiple amino acid sequence alignment of the major plant type Fd (PetF) found in cyanobacteria (Thermosynechococcus elongatus BP-1, Chroococcidiopsis sp. TS-821, Chroococcidiopsis thermalis PCC 7203, Myxosarcina sp. GI1, Nostoc sp. PCC 7524, Pleurocapsa sp. PCC 7319, Calothrix sp. PCC 7507, Synechococcus sp. PCC 6312, Synechococcus sp. PCC 7502, Synechococcus sp. PCC 7336, Synechococcus sp. JA-2-3B, Synechococcus sp. JA-3-3Ab, Synechocystis sp. PCC 7509, Synechocystis sp. PCC 6803, Gloeocapsa sp. PCC 7428, Acaryochloris marina, Gloeobacter violaceus PCC 7421), a glaucophyte (Cyanophora paradoxa), a single-cell eukaryotic algae (Chlamydomonas reinhardtii) and plants (Arabidopsis thaliana and Triticum aestivum) constructed by Clustal Omega program (Sievers et al., 2011). The conserved cysteine motifs (CX4CX2CXnC) are highlighted in yellow boxes.
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[bookmark: _Toc108557605]Figure 4. Conserved tertiary structure of PetF
A. Superimposition of 6 different Fds with PDB IDs- 1RFK (Mastigocladus laminosus), 2MH7 (Chlamydomonas reinhardtii), 3AB5 (Cyanidioschyzon merolae), 3B2F (Zea mays), 4ZHO (Arabidopsis thaliana) and 5AUI (Thermosynechococcus elongatus BP-1). The protein sequences were aligned and superimposed using the program MOETM (Molecular Operating Environment 2017). The [2Fe-2S] cluster, in yellow and blue sticks, is indicated by the arrowhead in both front (left) and top view (right) and the N- and C-terminal ends are shown in the top view. 
B. This shows the RMSD calculation of the generated superimposed structure with an average value of 1.289 Å.




The major goal of this review is to delineate the role of Fd as a central hub that connects the photosynthetic electron transport system to the larger network of overall cellular metabolism. We present recent findings throughout the past decade to highlight the integral importance and evolutionary significance of Fds from photosynthetic cyanobacteria to algae and higher plants. We compare the expression and structural diversity of different Fd gene products to aid in understanding their roles in these organisms.
[bookmark: _Toc108708902]Ferredoxin: NADPH formation 

One major role of Fd that has been extensively studied is the reduction of FNR to generate NADPH. Fd accepts an electron from PSI and two of these reduced Fds diffuse in the stromal side of the thylakoid membrane. These two electrons then reduce one NADP+ and an H+ to form NADPH catalyzed by FNR. FNR has a single non-covalently bound prosthetic group called flavin adenine dinucleotide (FAD), which gets reduced by an electron donated by the first Fd to form a semiquinone form of FAD, followed by a completely reduced form facilitated by an electron donated from the second Fd (66). This event can be summarized in the following equations:

 


In the above equations, Kd is the dissociation constant for the formation of the singly reduced intermediate complex, while Ket is the electron transfer rate constant. The first X-ray crystal structure of the Fd-FNR complex was solved in Anabaena PCC 7119 at a resolution of 2.4 Å (67) (Figure 5A; derived from Morales et al., 2000). This crystal structure (1EWY) of the complex indicates many electrostatic interactions between the two proteins. In higher plants, the three-dimensional structure of this complex has been determined following isolation from maize leaf at a resolution of 2.59 Å shown in Figure 5B (68, 69). Analysis of these two structures reveals that the distance between the redox centers, namely the [2Fe–2S] cluster of Fd and FAD of FNR are located at a distance of 5.89-6.67 Å apart and illustrate several intermolecular interactions that mainly include salt bridge formation and hydrophobic interactions at the interface near these prosthetic groups (68). The complex leads to formation of additional hydrogen bonds between the interacting surface side chains of FNR, indicating structural changes in both FNR and Fd that strengthen the interaction and optimize the orientation of the two proteins to permit rapid electron transfer. Figure 6B highlights the residues that are involved in Fd-FNR complex formation analyzed from CoCoMaps (bioCOmplexes COntact MAPS) tool (70, 71). Table 1 shows detailed information concerning accessible surface area (ASA), measured in Å2, of the residues at the interfaces (defined by the resulting buried protein surface due to complex formation).

Multiple studies utilizing site-specific mutagenesis, transient kinetics and stopped-flow assays have been performed to understand the FD/FNR interaction in cyanobacteria and higher plants (72, 73). Through the use of site-specific mutants, these works have shown that specific positively charged amino acid residues on the surface of FNR are important for the binding of Fd. Brownian dynamics (BD) has been employed to investigate the formation of the FD-FNR complex to understand the kinetic parameters for this protein-protein interaction (66, 74). These studies reveal rate constants for complex formation between wild type and mutant FNRs which demonstrates a non-monotonic dependence of the binding rate constant on the ionic strength. They also provide insights on the importance and specificity of several electrostatic interactions. It may be noted that in most cyanobacteria and algae under low-iron conditions, flavodoxin can replace Fd to interact with FNR to facilitate electron transfer (75). It is known that there are minor structural variations between Fd and flavodoxin structures. They are different in sizes (~11 kDa and 18–20 kDa, respectively), but both protein types are strongly 



[image: Whiteboard

Description automatically generated with medium confidence]
[bookmark: _Toc108557606]Figure 5. Crystal structure of Fd-FNR complex
A. The crystal structure of the Fd-FNR complex (PDB ID- 1EWY) in Anabaena PCC 7119 is shown here derived from Morales et al., 2000. The FNR is shown here as a dimer (gold and orange) and the Fd (red). The distance between [2Fe-2S] cluster (yellow and light blue) of Fd and FADs (ball and socket) of the FNR dimer was calculated in Å in MOETM as indicated by green lines. The interaction is symmetrical suggesting that the electron can be accepted by either of the FADs. The amino acid backbone associated with the [2Fe-2S] and FAD interaction are indicated in the zoomed box.
B. The crystal structure of the Fd-FNR complex (PDB ID- 1GAQ) in maize is shown here derived from Kurisu et al., 2001b. The FNR is shown here as a heterodimer (gold and orange) and the Fd (red). Here, the Fd preferentially interacts with one of the FNR chain (Chain A, orange).
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[bookmark: _Toc108557607]Figure 6. CoCoMaps interaction of Fd-complexes
The crystal structures of (A) Fd-HydA1 complex from Chlamydomonas reinharditii (PDB ID: 2N0S) and (B) Fd-FNR from maize (PDB ID: 1GAQ); and (C) docked model structure of Fd-PSI stromal subunits (PsaC, PsaD and PsaE) from Thermosynechococcus elongatus BP-1 were analyzed in the CoCoMaps server for investigating the interaction maps of the binding interface of the respective Fd complexes. The final models generated from CoCoMaps server were viewed in VMD software and the structures were generated in surface-view format. In each panels (A-C), the sequence of structures shown includes (from top to bottom)- (very top) the overall complex; followed by Fd and the respecting binding partner protein in isolation; 90° rotation of the isolated partners to depict the interacting faces including highlighted residues in HydA1 (ARG 187, LYS 315, LYS 357 and LYS 393), FNR (LYS 33, LYS 35, LYS 91 and LYS 301) and PSI stromal subunits (ARG 3, ARG 18, LYS 34, ARG 39, LYS 76 and LYS 104); and (very bottom) 180° rotation of respective Fds in each complexes to show the region where Fd interacts (bordered in black).



[bookmark: _Toc108557590]Table 1. Accessible Surface Area (ASA) details from CoCoMaps tool
This section includes a list of Fds and the residues of the respective partner proteins (HydA1, FNR and PSI stromal subunits- PsaC, PsaD and PsaE) at the interface, defined as those having an ASA decreased by > 1.0 Å upon the complex formation. ASA values in the complex and in the isolated molecule (“free”), and the difference between them are reported for each residue. The percentage of buried surface upon complex formation is also reported.

	Title
	HydA1
	FNR
	PsaC
	PsaD
	PsaE
	PsaC+PsaD+PsaE

	Buried area upon the complex formation [Å2]
	1866.1
	1596
	451.8
	326.1
	380.8
	1158.7

	Buried area upon the complex formation [%]
	8.25
	8.17
	4.22
	2.23
	3.8
	10.25

	Interface area [Å2]
	933.05
	798
	225.9
	163.05
	190.4
	579.35

	Polar buried area upon the complex formation [Å2]
	991.3
	810.1
	323.3
	154.2
	178.2
	655.7

	Polar buried area upon the complex formation [%]
	53.12
	50.76
	71.56
	47.29
	46.8
	165.65

	Polar interface area [Å2]
	495.65
	405.05
	161.65
	77.1
	89.1
	327.85

	Non-polar buried area upon the complex formation [Å2]
	875
	786.1
	128.5
	171.9
	202.7
	503.1

	Non-polar buried area upon the complex formation [%]
	46.89
	49.25
	28.44
	52.71
	53.23
	134.38

	Non-polar interface area [Å2]
	437.5
	393.05
	64.25
	85.95
	101.35
	251.55

	Residues at the interface (Total)
	55
	47
	20
	11
	10
	41

	Residues at the interface of Fd
	30
	25
	11
	5
	5
	21

	Residues at the interface of the partner protein
	25
	22
	9
	6
	5
	20




acidic, whereas the PSI stromal surface is mostly positively charged. Therefore, electrostatic forces are of major importance for the interactions between PSI and Fd (or flavodoxin) (50). This raises another question, not discussed in this review, as how flavodoxin takes over Fd under such stress condition to perform the same function.

In plants such as wheat, maize, rice and Arabidopsis, it has been found that there are four known isoforms of FNR that interact with Fds with varying phosphorylation responses, but the physiological significance of this occurrence is still under investigation (76). These putative phosphorylation sites include serine (SER 75) and threonine residues (THR 104 and THR 293). Phosphorylated FNRs are suggested to play a key role in interaction with Fds, though the dynamics of this interaction are not fully understood, and similar scenario has not been addressed in cyanobacteria or green algae.

[bookmark: _Toc108708903]Ferredoxin and Hydrogenase Interactions

The direct interaction of Fd with hydrogenases was first discovered in the non-photosynthetic bacterium Clostridium kluyveri, over 50 years ago. This work utilized an in vitro, hydrogen-linked diphosphopyridine nucleotide reduction assay that confirmed both the involvement of Fd and hydrogenase for hydrogen production (77). Little attention was given to the mechanism of hydrogen evolution from photosynthetic organisms until 1973, when Martin Kamen’s group demonstrated the production of molecular hydrogen from the spinach chloroplast without the addition of external electron donors (78). Following this seminal work, many other groups soon utilized similar in vitro assays to demonstrate molecular hydrogen creation utilizing bacterial Fd and hydrogenases (79-83). In photosynthetic organisms, the evolution of molecular hydrogen is restricted to anaerobic or sulfur deprived conditions. Over the past 15 years, significant progress has been made using green algae as a renewable source of hydrogen production (Melis and Happe, 2001).  Most of this work has been advanced using a free-living unicellular alga, Chlamydomonas reinhardtii (84-89). In a closed algal bioreactor, sulfur deprivation causes a shift in respiration which then consumes most of the released O2 yielding a temporal period of anaerobiosis, which increases hydrogenase expression, causing a boost in molecular hydrogen production. These growth conditions overcome the sensitivity of the Fe hydrogenase to O2 by temporarily separating the process of photosynthetic O2 evolution and H2 photoproduction.  This method allows a two-stage process of photosynthesis and H2 production by modulating the availability of sulfur in the media.  However, over time the cells will undergo apoptosis, requiring the addition of sulfur and a photosynthetic growth phase. This novel hydrogenase is still dependent on Fd and PSI for the supply of electrons. According to J. Appel and R. Schulz, this mechanism is proposed to function as a photoprotective strategy, where the electron transferred to form H2 leads to the dissipation of excess reductants under anaerobic conditions (90). Hydrogen is a relatively benign and membrane permeable gas that can then leave the cell and be captured as a fuel. In vivo fusion complex of Fd-Hydrogenase from Chlamydomonas reinhardtii have shown higher oxygen tolerance suggesting an efficient platform for bioengineering synthetic enzymes for elevated biohydrogen production (91, 92) whereas a more recent study have revealed that hydrogenase functions as an immediate sink for surplus electrons in aerobic as well as in anaerobic environments suggesting continuous hydrogen production in air-grown microalgal cells (93).

Two Fe-hydrogenases (HydA1 and HydA2) have been well characterized in C. reinhardtii. It is now clear that the transfer of electrons from PSI to the [FeFe] hydrogenase HydA1 in the C. reinhardtii requires transfer by PetF (Fd encoded by petF).  This key step in hydrogen production requires a specific interaction between PetF and HydA1. The transient nature of this electron-transfer complex has thwarted efforts to capture the details of this assembly via crystallography. However, despite the elusive nature of this complex, the binding between these hydrogenases with [2Fe-2S]-Fd (PetF) have been shown at atomic resolution by carrying out quantitative binding free energy calculations (94). According to Chang et al., HydA2 shows a more energetically favored interaction with Fd than HyaA1, with a difference of 20 kcal/mol. One possible model for this interaction is shown in Figure 7 (derived from Rumpel et al., 2015) and a detailed view of the interacting surfaces of both Fd and HydA1 is shown in Figure 6B and Table 1.

These authors posit a detailed view of the protein-protein interactions in their model, which include several electrostatic, hydrophobic and hydrogen bonds leading to efficient electron transfer. Interestingly, from the CoCoMaps interaction analysis, a common pattern in the interaction face of the electron acceptor proteins- FNR, HydA1 and PSI stromal subunits can be observed (Figure 6C and Table 1; docked model adapted from (95)). To further elucidate the link between all the binding partners of Fd, further investigations on individual docking sites need to be conducted.

Long et al. utilized Brownian dynamics simulation to show a free-energy landscape of several interacting partners, followed by atomistic molecular dynamic simulations to study their association dynamics (96, 97). The major conclusion from this study was that the spatial occupancy landscape of the binding partners had a single energy minimum while the orientational occupancy landscapes had multiple minima indicating that the hydrogenase has only one Fd binding site, while Fd itself has multiple binding surfaces that can allow for binding with hydrogenase in multiple favorable orientations. Rumpel et al. applied a similar approach to further investigate the binding sites where they substituted iron with gallium to avoid paramagnetic relaxation enhancement due to Fe (98). This revealed several hydrophobic and polar residues involved in the formation of the complex. Some of these residues are also shown in Figure 7.
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[bookmark: _Toc108557608]Figure 7. Crystal structure of Fd-HydA complex
The crystal structure of the Fd-HydA complex (PDB ID- 2N0S) in Chlamydomonas reinhardtii is derived from Rumpel et al., 2015. The distance between [2Fe-2S] cluster of Fd (red) and [4Fe-4S] cluster of HydA in blue (both clusters are shown in yellow and blue balls) was measured to be 11.1 Å in the program MOETM. Some of the hydrophobic and polar residues involved in the complex formation are indicated in both front and side view of the complex.



[bookmark: _Toc108708904]Cyclic Electron Transfer

The process of cyclic photophosphorylation has been known for more than 60 years (99, 100). Ten years following this discovery, the involvement of Fd was first proposed by Arnon et al. in spinach chloroplast (101).  Later it was found that cyclic electron transfer (CET) is Fd-dependent, and neither FNR nor cytochrome b564 were involved as electron carriers in this pathway (102-104). Though later it was concluded that both Fd and FNR are involved in this pathway, this does not correspond to the NADP+-binding site of the latter (105). This indicated that both CET and non-CET drive photophosphorylation, but the generation of ATP via cyclic electron flow is regulated by the level of reduced Fd and is therefore governed by the NADPH/NADP+ ratio (106-108). 

Fd transports electrons to the Cyt b6f complex via many pathways (109) and continuous CET generates a proton gradient that drives ATP synthesis (110). The involvement of two proteins- PGR5 (111) and PGRL1 (112) have been shown to act in a regulatory capacity rather than a direct electron mediator from Fd to Cyt b6f complex in higher plants (109, 113). Many different models have been proposed to describe how Fd facilitates CET (Figure 8). In algal systems, a super-complex of PSI, LHCI, LHCII, FNR, Cyt b6f and PGRL1 have been discovered in C. reinhardtii to control the energy balance (114). In cyanobacteria, the involvement of NADPH dehydrogenase (NDH) complex was first demonstrated to undergo CET from Fd to the plastoquinone pool in Synechosystis PCC 6803 (115-117). It was shown that CET dominated in longer dark exposure due to temporary inactivation of FNR leading to lower linear electron flow (118). Other stress responses are also proposed to be indicative of CET, for instance drought stress leads to upregulation of PGR5, PGRL1 and FNR while similar to NDH levels and this, in turn, accelerates CET induction (119). High heat stress leads to a CET response via a NDH-dependent manner in rice to dissipate excess energy otherwise generated by Fd-quinone oxidoreductase-dependent CET (120). 
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[bookmark: _Toc108557609]Figure 8. Schematic of cyclic electron transfer.
A schematic representation of the overall pathways of CET is indicated. Upon reduction of Fd (brown) from its oxidized form (bright red) by accepting electron from the stromal subunits (PsaC/D/E) of PSI, the electron is either accepted by FNR directly or PGR5-dependent manner which reduces NADP+ to form NADPH. The flow of electron back to the PQ pool is either mediated by PGR5 or PGRL1 in higher plants or PGRL1 alone (along with FNR in algae) or via NDH in cyanobacteria.



Several isoforms of Fd have been identified in plants that are involved in both CET and non-CET, but less is known about the division of labor amongst these isoforms. For instance, in Arabidopsis, knockout of the major plant type Fd isoform (Fd2) led to the enhanced expression of non-photosynthetic Fds (Fd3 and Fdc1), with increased expression of minor isoform- Fd1 (a major player involved in CET) under high-light condition (121). In another study, a transplastomic Nicotiana tabacum plant with overexpressed Pisum sativum Fd showed that there is an increased CET response even under optimal greenhouse growth conditions (122). 
[bookmark: _Toc108708905]Ferredoxin in Nitrogen assimilation

For organisms like nitrogen-fixing cyanobacteria and plants associated with such cyanobacteria by symbiosis, this nitrogen assimilation is a major process that requires a significant source of electron donation. It is also clear that even photosynthetic organisms that are non-nitrogen fixing still require a major electron source to grow under nitrogen limiting conditions. In both cases, there remains the need to facilitate the reduction of nitrate to nitrite by nitrate reductase (NR). NR is a homodimeric protein that contains a molybdenum cofactor, a flavin and a b-type cytochrome. NR utilizes two electrons from NADPH to reduce NO3 to NO2.  This is followed by reduction of nitrite to ammonia catalyzed by nitrite reductase (NiR) (123). NiR has two electronically coupled prosthetic groups (one siroheme group and one [4Fe-4S] cluster) and the latter is involved in accepting the electron from the [2Fe-2S] cluster of Fd (124) and requires 6-electrons from Fd to drive the reduction reaction (125). Glutamine synthase (GnS) catalyzes the conversion of glutamate to glutamine using the ammonia, and glutamine along with 2-oxoglutarate forms two molecules of glutamate reduced by glutamate synthase (GS) (requires 2-electrons) (126). 

In cyanobacteria, NR, NiR (127) and GS all require Fd as the electron donor. However in algae and higher plants, Fd is only associated with NiR and GS only, with NiR utilizing NADPH as the electron donor (125). Major studies on the binding interaction of Fd with all three enzymes involved in nitrogen assimilation was carried out in both cyanobacteria and higher plants for almost two decades starting in the early 1990s (127-130).  These three reactions are shown in Figure 9. 

The involvement of aromatic residues of Fd (Phe and Trp) was shown in the case of NRs and NiRs, respectively (128, 131). Very little is known about the Fd-NiR complex formation and the involvement of the two prosthetic groups (Mo cofactor and [4Fe-4S]) of the latter (130). Recently, an in-silico model of the Fd-dependent NiR from Synechococcus sp. PCC 7942 and site-directed mutagenesis studies revealed amino acid residues that may play a major role in either complex formation, prosthetic group binding or catalysis (130). Detailed characterization of Fd-dependent NiR had been conducted by several groups (132-139). 

In 1991, Hirashawa et al. showed the involvement of Fd as an electron donor to glutamate synthase using chemical-crosslinking assay (140) and illustrated the involvement of basic residues (arginine and lysine) in the binding site of Fd at the location similar to its interaction with other binding partners (141, 142). Glutamate synthase also has two prosthetic groups- one [3Fe-4S] cluster which accepts an electron from Fd and one non-covalently bound flavin mononucleotide (FMN) cofactor (143). Recent studies reveal that the reduction of this enzyme by Fd is strictly dependent on the presence of NADPH (139).

Nitrogen being a primary nutrient for plants also becomes the major limiting factor for plant productivity from an agricultural point of view as plants require the help of diazotrophic bacteria to carry out the conversion of atmospheric N2 to NH3. The enzyme involved in this process is nitrogenase (144):
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[bookmark: _Toc108557610]Figure 9. Schematic of nitrogen assimilation mediated by Fd
A schematic overview of the three major reactions involved in Fd-mediated nitrogen assimilation is shown here. NR (light green) takes 2e- from NADPH (which is obtained by FNR upon reduction by Fd) to reduce NO3- to NO2-. This is followed by reduction of NO2- to NH3 catalyzed by NiR which requires 6e- from Fd to catalyze this reaction. GnS catalyzes the conversion of glutamate to glutamine using the NH3 where glutamine along with 2-oxoglutarate forms two molecules of glutamate reduced by GS using 2e- from Fd.


The CET module in diazotrophic bacteria involves NifJ (pyruvate oxidoreductase) (145) and NifF (flavodoxin) module which, upon replacement with plant type FNR and Fd (respectively from different plant organelles), showed significant nitrogenase activity, thus suggesting the potential for a FNR-Fd module in biological nitrogen fixation (79, 146).
[bookmark: _Toc108708906]Sulfite reduction

The reduction of sulfite to hydrogen sulfide was first shown in a thermophilic sulfate reducing non-photosynthetic bacterium, Clostridium nigrificans by a dissimilatory pathway (147). In photosynthetic organisms, the assimilation of sulfur involves the ATP-dependent conversion of sulfate to 5’-adenylylsufate, which gets reduced by 2 electrons to form sulfite and AMP. Sulfite reductase (SiR) catalyzes the reduction of sulfite to sulfide using 6 electrons (148, 149). SiR, isolated from Spinacia oleraea, was shown to be dependent on Fd as the primary electron donor (150). Plants and cyanobacterial SiR is comprised of one [4Fe-4S] cluster and one siroheme prosthetic group (151, 152). Fd-dependent SiR was also isolated and characterized from the red alga Porphyra yezoensis (153). It is known that SiR and nitrite reductase have structural and functional resemblance but, interestingly, SiR in the unicellular red alga Cyanidioschyzon merolae preferentially reduces nitrite, playing important role in nitrate assimilation (154). 

As far as Fd interacting with SiR is concerned, it has been shown that the acidic residues of Fd are necessary for the interaction, and the site is partly distinct to that of its interaction with FNR (155). On the other hand, SiR has a patch of basic residues in a region distal to the siroheme group that serves as the binding site for reduced Fd (149). Site-specific mutation, chemical shift perturbation and cross saturation experiments conducted by Saitoh et al. confirmed two major acidic patches in Fd, that serve as the SiR binding site, are important for electron transfer as well (156).
Recently, Kim et al. revealed in their study that Fd:SiR complex formation and inter-protein affinity are thermodynamically adjusted by both enthalpy and entropy through electrostatic and non-electrostatic interactions, which confirmed that non-covalent inter-protein interactions contribute to maximum enzymatic activity under physiological salt condition (157). Kim et al. were also able to co-crystalize the Fd:SiR complex and reveal that multiple conformational states exist for the complex. Though there are differences in the interaction patterns, the optimum distance for efficient electron transfer between the [2Fe-2S] cluster of Fd and [4Fe-4S] cluster of SiR is maintained in all confirmations, thus demonstrating the flexible nature of Fd as an electron donor in multiple redox metabolisms (158).

[bookmark: _Toc108708907]Thioredoxins reduction

One major enzyme in photosynthetic organisms, glucose-6-phosphate dehydrogenase, plays a critical role in carbohydrate degradation and is inhibited by light signals, which involve an interconnected regulatory system of Fd, thioredoxins (Tro) and Fd:Tro reductase (FTR) (159, 160). Other enzymes that are regulated by this system include fructose-1,6-bisphosphatase in the reductive pentose phosphate pathway, NADP-malate dehydrogenase and Rubisco activase (161).The light signal is transduced in the form of electrons from PSI to Fd which, in turn, are transferred to FTR (which has a [4Fe-4S] cluster). FTR reduces the disulfide bridges of Tro which leads to the regulation of CO2 assimilation in the chloroplast and photosynthetic cyanobacteria (162). The FTR is a heterodimeric enzyme with distinct Fd and Tro binding sites (Dai et al., 2000). The [4Fe-4S] cluster is close to one side of the heterodimer and is accessible to Fd while the disulfide bridge is towards the Tro binding site (161, 163). 

A recent review by the Bob Buchanan group highlighted that the origin of FTR is rooted to primitive bacteria as well as Archaea (164). Since FTR is not universally present in oxygenic photosynthetic organisms, it is replaced by NADPH-thioredoxin reductase, though upon addition of FTRv (a variable subunit of FTR) in oxygenic photosynthetic organisms led to its protection from oxygen (164).
[bookmark: _Toc108708908]Phycobillin reduction

Photosynthetic cyanobacteria, rhodophytes and cryptophytes have light harvesting pigments, a majority of which are classified as phycobiliproteins or phycobilins. They resemble biliverdin and bilirubin in animals while the phytochromes are most prevalent chromophores in in plants (55). Beale et al. identified for the first time that the enzyme critical for phycobilin biosynthesis, bilin reductase, is Fd dependent. These phycobilins are precursors for the phycocyanin and phycoerythrin components that form the major light harvesting antenna complex in cyanobacteria, the phycobilisome (165).
The biosynthetic pathway involves the cleavage of a heme molecule by heme oxygenase to produce biliverdin which is then reduced to form bilirubin by biliverdin reductase (NADPH dependent) or phycobilins by a plethora of Fd- dependent bilin reductases (BR). Three types of phycobilins are formed (166, 167): 

a) 3E/3Z phytochromobilin or PΦB catalyzed by HY2 (PΦB synthase or phytochromobilin: Fd oxidoreductase) which requires 2e- from Fd in most land plants and mosses; 
b) 3Z/3E phycoerythrobilin or PEB either by (i) two-step reaction in red algae and cryptophytes catalyzed by PebA (15,16-dihydrobiliverdin:Fd oxidoreductase) and PebB (phycoerythrobilin:Fd oxidoreductase) (each step requires 2 e- from Fd); or by (ii) a single reaction catalyzed by PebS (phycoerythrobilin synthase) in cyanophage infected cyanobacteria (requires 4 e- from Fd);
c) 3E/3Z phycocyanobilin or PCB catalyzed by PcyA (PCB:ferredoxin oxidoreductase) in most cyanobacteria (166).
[bookmark: _Toc108708909]Conclusions

Ferredoxin, being a highly versatile electron donor, it is capable of interacting with a host of acceptor proteins (as illustrated in Figure 10). Although recent work has begun to explore the structural basis for these interactions (168), there is much less work on the regulation of this interaction.  In this review, we have tried to explore the multitude of partners with which there are established interactions in phototrophic organisms.  Certainly, in the future the number of partners will expand.  Current future directions will involve the role of cellular pH and ionic strength (169), transcription control (170), translational control (171), post-translational modification (172), sub-cellular compartmentalization (173), supramolecular organization (174), maturation (175), scaffolding proteins (176, 177) and regulated inactivation/degradation (178).  Future structural analysis using advanced cryo-TEM methods will allow larger and more labile molecular complexes to be studied that may elude traditional crystallography methods.  Together these advances will render new insight into the operations of Fd and its central role in mediating the fate of the PSI-derived electrons to multiple competing metabolic processes.
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[bookmark: _Toc108557611]Figure 10. Global interaction of ferredoxin
Cartoon model showing the global interaction of Fd in cellular metabolism. The “fate of the electron” from reduced Fd (brown) is focused here and it involves a plethora of electron acceptors on the stromal side of the membrane. These include hydrogenase (HydA1/2), NR, NiR, GS, SiR, FTR, BR and FNR. The alternate route for electron transfer for reduced Fd to FNR is also shown via PGR5 and PGRL1 to conduct CET. In cyanobacteria, PEB and PCB become precursors to for phycoerythrin (PE) in and phycocyanin (PC) (red and cyan rectangles, respectively), two major components for the formation of light harvesting antenna complex called the phycobilisome. It has a allophycocyanin (APC) core (red oval) attached to the PE-PC antenna rods. The phycobilisome complex is located on the stromal side of PSI/PSII. The FNRs are covalently linked with the PE components and via this mechanism, they can potentially play a role in trafficking electron to the PQ pool.
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[bookmark: _Toc108708911]CRYO-ELECTRON MICROSCOPY STRUCTURE OF A TETRAMERIC PHOTOSYSTEM I
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Abstract
Photosystem I (PSI) is one of two the photosystems involved in oxygenic photosynthesis. PSI of cyanobacteria exists in monomeric, trimeric, and tetrameric forms, which is in contrast to the strictly monomeric form of PSI in plants and algae. The tetrameric organization raises questions about its structural, physiological, and evolutional significance. Here we report the ~3.72 Å resolution cryo-EM structure of tetrameric PSI from the thermophilic, unicellular cyanobacterium Chroococcidiopsis sp. TS-821. The structure resolves 44 subunits and 448 cofactor molecules. We conclude that the tetramer is arranged via two different interfaces resulting from a dimer-of-dimers organization. The localization of chlorophyll molecules permits an excitation energy pathway within and between adjacent monomers. Bioinformatics analysis reveals conserved regions in PsaL subunit that correlate with the oligomeric state. Tetrameric PSI may function as a key evolutionary step between the trimeric and monomeric forms of PSI organization in photosynthetic organisms.



[bookmark: _Toc108708912]Introduction

Oxygenic photosynthesis is a unique energy conversion process performed by plants, algae, and cyanobacteria (179, 180) where photons from the sunlight are converted into chemically fixed energy by synthesizing carbohydrates, generating oxygen as a side-product of water splitting. Oxygen production and carbon dioxide fixation into organic matter performed by photosynthetic organisms determines the composition of Earth’s atmosphere and provides all life forms with essential food and fuel (14, 181). Oxygenic photosynthesis of cyanobacteria, algae, and plants is catalyzed by four defined membrane complexes: PSI, photosystem II (PSII), cytochrome b6/f complex, and CF1-ATPase, which are the major components of the electron transport chain (ETC). Both PSI and PSII are large multi-subunit membrane-embedded pigment-protein complexes composed of a core complex – the reaction center, where electron transport is initiated, and of a peripheral antenna system, which is essential for light-harvesting and regulation of photosynthetic activity (182). The reaction center and peripheral antenna system work in concert to carry out the light conversion steps that ultimately lead to the production of ATP by ATP-synthase and reduction of NADP+ to NADPH with the concomitant release of oxygen as a result of water oxidation.

The two photosystems function in series to couple the oxidation of water to enable the generation of proton motive force for ATP synthesis and reduction of NADP+. PSII is capable of generating powerful oxidation states that drive oxygen evolution via the water-splitting complex (183, 184). PSI is the second photosystem in electron transport chain (ETC). PSI includes the pair of associated chlorophylls that excited electron leaves, known as special pair, P700, and between 96 to 112 antennae chlorophyll (Chl) a molecules (185, 186) that function to increase the optical cross-section for excitation with a subsequent high-efficiency energy transfer to the special pair. Upon photoexcitation, photooxidized PSI transfers an electron from primary electron donor P700+ (a special pair of Chl a/a' molecules) via its internal electron acceptors (A0, A1, Fx, FA, and FB) to the terminal primarily ferredoxin but also flavodoxin under iron deprived condition (187, 188). In cyanobacteria, a PSI protomer comprises twelve different subunits, and in many species, the total mass of a trimer is ~1 MDa (185, 186, 189). 

The structure of the cyanobacterial PSI complex has been known for nearly two decades (185) and only recently, the structures of PSI from plants and algae have been resolved (190-196). Electron micrographs of PSI from the cyanobacteria Synechococcus sp. provided the first evidence for trimeric PSI over three decades ago (197). Recent the atomic force microscopy analysis of multiple ecotypes of Prochlorococcus (198) also revealed the prevalence of PSI trimers in that cyanobacteria. Further studies focused on the diverse filamentous and unicellular cyanobacteria, including the most primitive known cyanobacterium, Gloeobacter violaceus PCC 7421 (197, 199-201). Eventually, the trimeric PSI structure was resolved at 2.5 Å by X-ray crystallography from the thermophilic cyanobacteria Thermosynechococcus elongatus BP-1 (T.e. BP-1) (PDB ID: 1JB0) followed by the 2.5 Å crystal structure of the mesophilic, unicellular, freshwater cyanobacteria Synechocystis sp. PCC 6803 (Syn PCC 6803) (PDB ID: 5OY0) (202) together provided structural details of trimeric form of PSI (185). As a result of these early seminal reports, PSI was initially believed to assemble into stable trimeric form in cyanobacteria, as opposed to the monomeric form observed in all plants and algae.

This initial belief of PSI trimer being the sole oligomeric state in cyanobacteria has recently been challenged by observation of the tetrameric form of PSI in two cyanobacteria  Nostoc sp. PCC 7120 (203-205) and Chroococcidiopsis sp. TS-821 (TS-821) (206). However, the PSI tetramer was not considered as a major oligomeric state in cyanobacteria. Although the physiological and evolutionary significance of tetrameric state has been discussed emphasizing the role of the lipids and PsaL subunit participation (203-207), nor the mechanism driving this oligomerization state and sustaining its stability is known for the thermophilic non-heterocyst-forming cyanobacteria. To date, no crystal structure of the tetrameric PSI is available. Although three cryo-EM structures of the tetrameric form of PSI have been reported in mesophilic filamentous heterocyst-forming cyanobacterium Anabaena (203-205), our lab has observed that a tetrameric PSI organization is very prevalent being found in most of the Heterocyst-forming cyanobacteria and their Close Relatives (HCR) after investigating 61 different cyanobacteria (207). These organisms have been frequently proposed as the likely chloroplast progenitor (208). However, other reports suggest that a nitrogen-fixing unicellular cyanobacterium similar to Chroococcidiopsis (or other members of the order Chroococcales), is the plastid progenitor (209). The apparent occurrence of tetrameric PSI oligomers in all forms of cyanobacteria (mentioned above) suggests the primordial existence of tetrameric PSI form in the earliest plastid ancestor. Tetrameric form of PSI is conceivably an intermediate in the evolution of monomeric forms of PSI in algae and plants. 

This work advances in the understanding of the structural basis of the tetrameric form of PSI in thermophilic non-heterocyst forming cyanobacterium by elucidating the structure of TS-821 by cryo-EM. Structure analysis visualizes the dimer-of-dimers formation, defines the correlation between the structural changes in PsaL subunit with the variations in the oligomeric state, and describes the structural relationship between the novel tetrameric PSI organization with the known trimeric one. Our study allows not only a direct comparison of the TS-821 PSI tetramer with previous trimeric PSI crystal structures from T. e. BP-1 and Syn PCC 6803, but also enable the first comparison of tetrameric PSI structures within thermophilic and mesophilic cyanobacterium. Finally, the bioinformatic analysis revealed multiple conserved regions of PsaL of TS-821 that are potentially critical for PSI oligomerization.
[bookmark: _Toc108708913]Materials and Methods
[bookmark: _Toc108708914]Source of TS-821 cyanobacteria

Chroococcidiopsis TS-821 was originally isolated over 25 years ago from the Sankampaeng and Mac Fang hot springs near Chiang Mai in the northern part of Thailand (210, 211). All strains had vegetative cells surrounded by fibrous (F) layers (Figure 11). Early analysis by light and electron microscopy revealed that cell division occurred by binary fission, but neither motility nor mobile baeocytes were observed. Based on work by Woodbury and Stainier TS-821 (212) was assumed to belong to the genus Chroococcidiopsis. Further early work indicated that TS-821 was able to overgrow to dense cultures and was proposed to be a source for early biomass conversion (210, 213).
[bookmark: _Toc108708915]Growth of cyanobacteria

Chroococcidiopsis sp. TS-821 (TS-821) was cultured in a two-liter glass culture bottle with aeration at 45°C, with continuous white fluorescent light ~40 μmol/m2/s at bottle surface. Cells were harvested at the late log phase, and the wet cell mass harvested from a two-liter bottle culture is usually 3-4 g.
[bookmark: _Toc108708916]Cell lysis and isolation of cyanobacterial thylakoids

Thylakoid membrane isolation was done similar to earlier studies (206, 214). Homogenized suspensions of cells in ice-cold lysis buffer (50 mM MES-NaOH, pH 6.5, 5 mM CaCl2, 10 mM MgCl2, 0.5 M sorbitol) were ruptured by passing through the French press three times at 15,000 psi. After removing the intact cells by centrifugation 10,000 g for 5 min, the thylakoid membrane was pelleted after 30 min of 193,000 g (Type 50.2 Ti, Beckman) centrifugation. The pelleted membranes were washed in wash buffer (50 mM MES-NaOH, pH 6.5, 5 mM CaCl2, 10 mM MgCl2) and pelleted again before final resuspension in storage buffer (50 mM MES-NaOH, pH 6.5, 5 mM CaCl2, 10 mM MgCl2, 12.5% v/v glycerol) and homogenized before storing at -20 °C or immediate solubilization.
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[bookmark: _Toc108557612]Figure 11. TEM Micrographs of Chroococcidiopsis TS-821
A. Cluster of cells depicting the baeocytes. B. Detailed view of the cells showing the uniformly packed thylakoids and other particles  (labelled); 
(inlet) the different layers of the cell membrane with a faint presence of the F layer
C. Dividing cell showing the septum formation
(N - Nucleoid, T – Thylakoid, C – Carboxysomes, P/L  - polyphosphate/Lipid granules, G - Glycogen granules, CM - Cell membrane, PG – Peptidoglycan, OM – Outer membrane, F - Fibrous layer (F layer))



[bookmark: _Toc108708917]Isolation of PSI tetramers

The TS-821 thylakoid membrane containing 1 mg/mL Chl a were solubilized in 1% β-DDM (Glycon Biochemicals, Luckenwalde, Germany). The solubilized membrane solution was loaded on a 10-30% sucrose gradient containing 0.01% β-DDM in the wash buffer. Two-step ultracentrifugation was used to purify PSI tetramer as described previously (206) except the following modifications. The first centrifugation was done using at 30,000 rpm (SW 32 Ti, Beckman) for 20 h. The concentrated and dialyzed PSI tetramer from the first spin was loaded on a 10-30% sucrose gradient again and centrifuged at 30,000 rpm for 24 h. PSI tetramers from the second gradient after spinning were dialyzed and concentrated for analysis.
[bookmark: _Toc108708918]DAPI imaging of TS-821 Cells

DAPI staining was used in order to observe DNA within intact cells. This staining allowed determination of the state of fission, binary or multiple; a particular cell was undergoing as well as the location of the dense nucleoid regions. Two microliters of DAPI stain was added to 1 mL of liquid cell culture, covered with aluminum foil, and incubated at room temperature with shaking for 1 h. The sample was observed using a Nikon Eclipse 80i Fluorescent Microscope under the DAPI filter.
[bookmark: _Toc108708919]Scanning electron microscopy

The samples were fixed in 3% glutaraldehyde buffered with 0.1 M sodium cacodylate. Following a 1 h incubation period, the samples were washed in cacodylate buffer 3 times, allowing 10 min per wash and then post-fixed in cacodylate buffered with 2% osmium tetroxide for 1 h. Samples were then washed three times with deionized water. During the final wash, small aliquots of the sample were allowed to settle onto a 2x3 mm silicon chip, which had been previously washed with poly-lysine. The sample was then dehydrated in a graded acetone series and critical point dried in CO2 using a Ladd Research Critical Point Dryer. Dried samples were coated with gold with an SPI Sputter coater before examination in a Zeiss 1525 scanning electron microscope. 
[bookmark: _Toc108708920]Transmission electron microscopy

The fixation protocol is the same as described above until the dehydration step. Samples were then washed in water 3X before dehydration in a graded ethanol series, and then finally dehydrated with propylene. Samples were then embedded in Spurr epoxy for 48 h prior to the final embedding and subsequent curing of the resin at 68°C for 24 h. For ultramicrotomy, samples were sectioned with a Reichert OMU3. Thin sections of approximately 70 – 90 nm were stained with methanolic uranyl acetate and lead citrate before examination in a Hitachi H800 transmission electron microscope operating at 75 keV. Images were recorded on Kodak 4489 electron microscopic film.
[bookmark: _Toc108708921]DNA isolation and cloning of 16S rRNA

DNA isolation was performed using a modification of the Saha et al. protocol (215). This method was modified to use mechanical cell lysis using a FastPrep®-24 Tissue and Cell Homogenizer and Orange Capped Lysis Matrix A Tubes, which are specific for DNA isolation. A large cell pellet harvested from dense liquid cell culture was resuspended in 1 mL 1x TE buffer (10 mM, Tris-HCl, pH 7.5, 1 mM EDTA) and homogenized at 4 m/s for 20 s. Lysate appeared blue due to the release of phycobilin proteins into solution. This tube was centrifuged for 1 min at 10,000 g, and the supernatant was immediately transferred to another1.5 mL, microfuge tube. All additional steps were done, as previously described (215). Due to a significant amount of RNA contamination, 3 μL of RNase (10 mg/mL) was added to each tube and allowed to incubate at room temperature for 10 min. Amplification of the 16S rRNA was accomplished using these primers: forward (5’-AGAGTTTGATCCTGGCTCAG-3’) and reverse (5’-AAGGAGGTGATCCARCCGCA-3’). The 50 μL reaction mixture consisted of 10 μL of 5X GoTaq Reaction Buffer, 1 μL dNTP mixture (10 mM each), 1 μL of each primer (10 pM/μL), 0.25μL GoTaq Polymerase, 50 ng of template DNA and an appropriate amount of nuclease-free water to achieve 50 μL total reaction. The PCR conditions were as follows: 95° for 3 min, 30 cycles of 95°C for 1 min, 60°C for 1 min, 72°C for 1.5 min, and finally 72°C for 10 min subsequently followed by a 4°C hold. The resultant PCR product was cleaned up using QIAquick® PCR clean-up system and immediately ligated into the TOPO 2.1®(Invitrogen®) vector as directed and transformed into TOP10 chemically competent cells (Invitrogen®). 
[bookmark: _Toc108708922]Phylogenetic analysis

Phylogenetic analysis was performed utilizing 16S rRNA sequences of similar length to the sequence obtained for TS-821. Sequences were chosen for comparison based on high sequence homology from the BLAST search results or as representatives of different genera within the phylum Cyanophyta. All sequences were obtained through GenBank. Once all taxa were chosen, the sequences were aligned via the ClustalX algorithm within MEGA 4.0 (216). The sequence alignment was exported to Modeltest 3.7, which chose the most appropriate statistical model for the generation of a phylogenetic tree (217). Following the suggested model chosen by Modeltest 3.7, MEGA 4.0 generated a phylogenetic tree with the following parameters: Neighbor-Joining Method coupled with a Maximum Composite Likelihood of Nucleotides, complete deletions of all gaps and missing data within the sequence alignment, the heterogeneous pattern among lineages with a gamma parameter of 0.5087, and with 5000 Bootstrapping replicates (218). The resulting tree was condensed to a consensus tree containing bootstrap values located on the branches.
[bookmark: _Toc108708923]Cryo-EM data acquisition

Aliquots of 3 μL of PSI samples were applied on glow-discharged holey carbon grids (Quantifoil R2/2, 400 mesh) coated with a continuous 2 nm carbon ﬁlm. The grids were blotted and plunge-frozen using a Vitrobot Mark III (Thermo Fischer Scientific). Cryo-EM micrographs were recorded at liquid nitrogen temperature on a Titan/Krios transmission electron microscope (Thermo Fischer Scientific, USA) operating at 300kV at NECEN (Leiden, the Netherlands). Micrographs were recorded at a nominal magniﬁcation of 130,000x using a K2 Summit direct electron detector (Gatan, Inc.) using a pixel size of 1.108 Å/pixel, with a dose rate of ~4.3 electrons/Å2/s and defocus values ranging from −0.6 to −3 μm. The total exposure time was 12.0 s, and intermediate frames were recorded in 0.5 s intervals resulting in an accumulated dose of ~50 electrons per Å2 and a total of 24 frames per micrograph.
[bookmark: _Toc108708924]Cryo-EM image processing and 3D reconstructions

The Cryo-EM image processing was performed in SCIPION 2.0 (219) using the integrated protocols. 4845 raw movies were corrected for beam-induced motion using MotionCorr2 (220). A sum of all frames, ﬁltered according to exposure dose, in each image stack was used for further processing. CTF parameters for each micrograph were determined by CTFFIND4 (221) and xmipp3 - CTF estimation (222, 223). Particle selection was done using xmipp3 - manual-picking / xmipp3 - auto-picking (222, 223). 325,648 picked particles were extracted and underwent the 2D classification using xmipp3 – cl2D (223, 224) classification protocols. After the xmipp3 – cl2D automated particle picking each micrograph was revised by adding/removing missed, and wrongly picked particles correspondently. The initial C2 symmetry enforced model was calculated de novo based on the good 2D class average projections obtained during the previous step, using xmipp3-ransac (223, 225). The 3D-classification was performed using RELION 3.0 - 3D classification protocol (226). The best 3D class outcome 122,411 particles were subjected to further reﬁnement protocol using Xmipp highres (219, 223, 227). The resulting refined cryo-EM 3D map contained 66,130 particles. The 56,281 particles were removed during the processing as suboptimal. Then, the 66,130 particles from the previous step were submitted for the RELION 3.0 auto-refinement (Figure 12). 
One cycle of Bayesian polishing and CTF refinement was done, followed by 3D refinement after each Bayesian polishing and CTF refinement step. The resulted cryo-EM map was post-processed, resulting in 3.72 Å average resolution. The local resolution was calculated using ResMap (228) showing the range of resolution from 3.2 Å to 6 Å (Figure 13) and were sharpened using LocalDeblur (229), using as input the resolution map calculated with Monores (219, 230). This cryo-EM map was used for model building and then underwent another round of sharpening using sachselab – locscale (219, 231) protocol. Reported resolutions are based on the gold-standard Fourier shell correlation (FSC) using the 0.143 cut-off criterion (Figure 13A). The local resolution was determined using DeepRes (232) (Figure 13B). 
[bookmark: _Toc108708925]Model building

The obtained cryo-EM map was used for manual model building in Coot using the single protomer of cyanobacterial PSI from Te-BP1 as a reference. The resolution of the map was sufficient to assign all protein subunits unambiguously and to model most of the Chl a molecules. Rounds of real space refinement were performed in Phenix and included simulated annealing protocol and NCS restraints. Coordinates were manually edited in Coot after each refinement cycle and subjected to further rounds of refinement. The final validation check was performed with Molprobity and Phenix validation tools. Images were prepared with the open-source version of PyMol (https://sourceforge.net/projects/pymol/), and Chimera (https://www.cgl.ucsf.edu/chimera/).
[bookmark: _Toc108708926]HADDOCK analysis

The cryo-EM model was refined with HADDOCK (233), and calculations were performed as previously described (234). The OPLS force field (235) was used for 
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[bookmark: _Toc108557613]Figure 12. Cryo-EM data collection, 2D classification and 3D model reconstruction
A. Typical motion corrected cryo-TEM micrographs of the TS-821 PSI tetramer (scale bar = 50 nm). 
B. Representative 2D class averages of PSI tetramer particles processed by xmipp3-cl2D protocol (scale bar = 25 nm). 
C. A schematic flowchart showing the classification scheme for the PSI tetramer complex. The PSI tetramer structure was reconstructed at 3.72 Å resolution from 66.130 particles. See Method section for more details.
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[bookmark: _Toc108557614]Figure 13. Evaluation and verification of the cryo-EM 3D map quality
A. Fourier shell correlation curves of the PSI tetramer calculated after the post-processing step, where the green curve is FSC unmasked maps, red – FSC phase randomized masked maps, black - FSC corrected and blue – FSC masked maps. 
B. Local resolution maps of the PSI tetramer.  
C. 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.




topology and parameter file generation, and PRODRG (236) was used to parameterize the Chl a molecules. Energy calculations were performed for the two interfaces of the tetramer using the HADDOCK score along with its component energy terms. These terms include van der Waals (EvdW) and Coulomb (Eelec) intermolecular energies represented as and non-bonded energies, an empirical desolvation term (Edesolv) (237), and buried surface area (BSA) upon complex formation in Å2.
[bookmark: _Toc108708927]Monte Carlo simulations

Sidechain rotamers and protonation states were generated using Multi-Conformer Continuum Electrostatics (MCCE) program (238). Then Monte Carlo sampling was used to generate Boltzmann distribution of the different conformations based on the electrostatic and van der Waals energies. The electrostatic interactions were calculated by solving the Poisson-Boltzmann equation using DELPHI software (239), and the vdw interactions were calculated based on Amber forcefield (240).
[bookmark: _Toc108708928]Central cavity analysis

The volume of the central cavity was calculated using the CASTp webserver (241) with a probe radius of 1.4 Å. Only subunits that border the central cavity (PsaI, PsaL, and PsaM) were included due to file size limits on the webserver. CHARMM-GUI (242) was used to generate an MGDG, DGDG, SQDG, and DPPG mixed lipid bilayer with a lipid composition of 47:23:21:9 based on averages from previously reported cyanobacteria lipid compositions (243-246). The tetramer was then embedded in the membrane by removing lipids within 0.6 Å from the protein using VMD (247) to provide a rough estimate of how many lipids could fit in the central cavity.
[bookmark: _Toc108708929]Data availability

A reporting summary for this article is available as a Supplementary Information file in the online version of this article (248). Model coordinates and density maps are available in the Protein Data Bank (PDB ID 6QWJ) and the EM Data Bank (EMD 4659) (See Table 2). 
[bookmark: _Toc108708930]Bioinformatic Methods

a) Cyanobacterial genome selection. All 1,639 cyanobacteria genomes available as of January 25, 2019, were downloaded from NCBI based on keyword searches with excluding viruses and phages. Based on the whole genome sequences, a subset of these 1,639 genomes was generated by building a Mash tree (249) to reduce redundancy. We selected a cutoff value of 0.1 based on the first plateau in the plot (Figure 12), which resulted in 295 clusters. In some of these clusters, we observe sets of highly related or even identical organisms (data not shown), so we selected a unique yet representative member from each of the 295 clusters, using a random number generation from the Python package NumPy (250). This allowed us to randomly choose a single genome from each cluster yet also significantly reduced redundancy from 1,639 to only 295 distinct non-redundant organisms. 
b) PsaL protein identification and selection. The genes within these 295 genomes were then annotated using Prokka (251) with -Cdsrnaolap and default options. From this annotated set of 295 genomes, BLAST 2.7 (252) was used to identify PsaL orthologs using the PsaL sequence from T. e. BP-1 (UniProt ID: Q8DGB4). Initially, over 1567 putative PsaL orthologs were identified. The list of putative orthologs was reduced by filtering based on sequence identity (≥ 40%), sequence coverage (≥ 35%), and e-value (≤ 1e-10), resulting in 113 orthologs. These heuristic values were determined by plotting the percent identity range on the x-axis from 0 to 100 and the number of hits meeting the criteria on the y-axis for all PsaL vs. 295 genome sequences while keeping e-value ≤ 1e-10 and sequence length difference of ≥35. These filters reduced the analysis to PsaL orthologs with a percent identity cutoff of ~ 40%.
c) Phylogenetics and motif analysis. Using these 113 PsaL orthologs, the sequences were aligned using MUSCLE v3.8.31 (253) using default options. The 

[bookmark: _Toc108557591]Table 2. Statistics of data collection, processing and refinement
	Data collection and Image processing

	Microscope
	FEI Titan Krios G2

	Detector
	K2 Summit direct electron detector (Gatan, Inc.)

	Magnification
	~130,000

	Voltage (kV)
	300

	Defocus range (µm)
	-0.6 to -3.0

	Pixel size (Å/pix)
	1.108

	Total electron dose (e-/Å2)
	~50

	Exposure time (s)
	12

	Number of frames per movie
	24

	Number of micrographs/movies
	4,845

	Initial particle images (no.)
	325,648

	Final particle images (no.)
	66,130

	Map resolution (Å)
	3.9

	Applied symmetry
	C2

	Refinement

	Initial Model used (PDB code)
	1JBO

	Gold-standard FSC threshold
	0.143

	Model resolution (Å)
	3.9

	No. of Protein subunits (total/tetramer)
	44

	No. of chlorophyll
	358

	No. of carotenoid
	64

	No. of phaeophytin
	8

	No. of Fe-S centers (4Fe-4S)
	12

	No. of Prosthetic groups/tetramer
	448

	No. of atoms (Protein)
	69,176

	No. of atoms (cofactors)
	20,740

	No. of atoms (total)
	89,916

	B-factor- protein (Å2)
	94.46

	B-factor- Cofactors (Å2)
	114.27

	Number of missing residues (from coding sequence)
	209/2413

	% Total amino acid placement
	8.66

	r.m.s. deviations- Bond lengths (Å)
	0.005

	r.m.s. deviations- Bond angles (°)
	0.845

	Structure Validation

	MolProbity Score
	3.06

	ClashScore
	14.89

	Rotomer Correctness (%)
	89.90

	Ramachandra Plot Analysis

	Favored (%)
	87.33

	Allowed (%)
	12.53

	Disallowed (%)
	0.14

	Model vs Data

	CCmask
	0.79

	CCbox
	0.84

	CCpeaks
	0.70

	CCvolume
	0.79

	Mean CC for ligands
	0.80


genomes were further reduced to 83 representatives total by visually inspecting the alignments in Jalview (254), using the known anchors and selected genomes. The anchor genomes for the far-red group was the far-red JSC-1 genome with a crystal structure available (255). The second filter applied was all psaL sequences that were less than 180 amino acids long were included in analyses excluding the known psaL ortholog for JSC-1. The representative psaL orthologs were further reduced by the manual alignment of the sequences for each group. They removed outliers that had the length greater than the mean of the group analyzed. In addition, to these 83 randomly selected PsaL sequences, we also included 17 experimentally verified tetramer-forming PsaL sequences (207), 12 experimentally determined far-red forms of PSI (256), and 3 well-characterized Procholorocccous strains- SS120, MIT9313, and MED4 (198). The trimeric group was selected based on manual alignment and visually inspecting genomes that skewed alignment from known psaL sequence in the group from the trimer anchor genome T. e. BP-1 and Syn PCC 6803. The tetramer group was selected based on manual alignment and visually inspecting genomes that skewed alignment relative to the tetramer anchor genome’s psaL sequence, Chroococcidiopsis sp. TS-821. The marine Pro/Syn group had three anchors, which included Procholorocccous strain SS120, MIT9313, MED4 (198). With these selected 128 proteins, a maximum likelihood tree was built using FastTree Version 2.1.11 with default options. The four semi-monophyletic groups formed in the tree include members from four distinct groups: 18 trimeric PSI; 28 far-red PSI; 36 tetrameric PSI; and 26 marine PSI. For each group, a linker region and sequence LogoPlots for each group were generated by WebLogo (257). 
[bookmark: _Toc108708931]Results 

Initial characterization of the thylakoid membranes of TS-821 by blue native polyacrylamide gel electrophoresis (BN-PAGE) observed a larger PSI complex (Figure 14A) (207). We have extended this BN-PAGE analysis using eight other 
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[bookmark: _Toc108557615]Figure 14. Chroococcidiopsis TS-821 cells and Isolation of PSI
A. BN-PAGE of the β-DDM solubilized thylakoids of T. elongatus (left lanes) and TS-821 (right lanes) using increasing amounts of β-DDM. The T. elongatus photosystems are identified on the left and the MW standards are shown on the right. Asterisks (*) indicate the PSI-tetramer, PSI-dimer and PSI-monomer (top to bottom)  B. Scanning electron micrographs of the TS-821 cells showing binary fission in multiple planes yielding single, dimer/octamers, and multiple or aggregate cells.  C. Bright-field image of TS-821 cells showing carbohydrate sheath material.  D. DAPI staining of the TS-821 cells showing chromosomal DNA during cell division in multiple planes, also shows autofluorescence of extra-cellular sheath.  E. Transmission electron micrograph of a recently divided pair of cells showing the thylakoids, T; inner and outer membranes, M; and the fibrous layer (polysaccharide outer sheath), F. (B-E) Scale bar in each panel is in 5mm.  F. Phylogenetic tree based on 16S rRNA analysis: the yellow box denotes different Chroococcidiopsis strains, the red box is TS-821 and the green box are other members of the order Pleurocapsales. The numerical value on the right is the percent identity with TS-821. 

non-ionic detergents, known for their ability to maintain membrane proteins in their native conformation (data not shown) where we observed the same tetrameric complex. This work confirms a tetrameric form of PSI in TS-821and argues against this form of PSI being a detergent artifact. The unicellular nature TS-821 cells by multiple imaging methods confirmed its unicellular and non-heterocyst morphology (Figure 14B-E). These images clearly show that these cells are not filamentous yet exist either as single cells or sometimes as 2, 4, and 8 cell aggregates. 

The shape of these aggregates suggests that the cells undergo binary fission in multiple planes and can lead to highly symmetric octamers of cells that indicate possible coordination of cell divisions in multiple planes. The scanning electron microscopy (SEM) images (Figure 14B) also revealed a thick fibrous material on the surface of the large, aggregated cells. This thick fibrous material is consistent with the appearance of polysaccharides under transmission electron microscopy (TEM) (Figure 14E). TEM imaging showed a thin section of two cells revealing thick outer sheath composed of a fibrous outer cell wall layer or F-layer, as initially observed in the Pleurocapsales (212). 

Observation of cells under bright field microscopy revealed that TS-821 cells exist primarily as one or two cells or in larger aggregates (Figure 14C). Cells were also stained with DAPI, a DNA specific fluorescent dye, in order to observe the location of DNA within cells during division (Figure 14D). The cell undergoing binary fission exhibits fluorescence throughout the entire interior portion of the cell, suggesting that DNA is distributed throughout the cell (Figure 14D). However, distinct regions of fluorescence were seen within adjacent cells dividing via multiple fissions. These distinct globular regions of DNA are most likely small daughter cells that result from multiple fissions. All of this imaging supports the original morphological classification of TS-821 as a member of the order Pleurocapsales (212).
To analyze the phylogeny of strain TS-821, a phylogenetic tree was generated as described in materials and methods. It is also important to note that genera representing all major orders within the phylum Cyanophyta are included within this phylogenetic analysis. Figure 14F shows the resulting unrooted consensus tree with branches containing bootstrap values where values below 50% were excluded. Bootstrap values are interpreted as the confidence level in the branch's arrangement for which they are listed. Phylogenetic analysis of TS-821 revealed that TS-821 does not group close to the other Chroococcidiopsis sp., but rather with other unclassified cyanobacteria with high confidence. However, it is distant from other members of the Pleurocapsales and the phylogenetic 16S tree indicates that TS-821 is much closer to heterocyst forming cyanobacteria such as Nostoc/Anabaena, and Fischerella as previously reported (206). At the same time, the 16S sequence strongly suggests that it is distinct from the other more well-characterized members of the Chroococcidiopsis genus and may require reclassification in the future. 
[bookmark: _Toc108708932]Cryo-EM and Model building

Although our earlier cryo-EM low-resolution structure suggested TS-821 tetramer was a dimer-of-dimers, the 11.5Å resolution prevented us from investigating the structural basis of this unique symmetry (258). To have a better insight into the organization of tetrameric PSI from TS-821 we conducted the single-particle cryogenic electron microscopy analysis, including single-particle 2D classification and 3D model reconstruction (Figure 12, A-C). From 4845 micrographs we extracted 325,648 particles that we used for the further 2D classification. This 2D classification yielded 16 different 2D classes (Figure 12B). The good set of particles we then subjected to the 3D classification, reducing the number of the particles to 122,411. This particles set was then subjected to several 3D refinements with Xmipp highres that ended up with 63,130 good particles. The further map refinement proceeded with relion 3.0 3D auto-refinement, using the previous outcome 3D projection map from Xmipp highres as a reference. The final resolution of ~3.72 Å (FSC – 0.143) of the resulting cryo-EM 3D map was obtained. (Figure 13A). The local resolution of the final 3D map varies from 3.2 Å to 5.5 Å (Figure 13B) with high resolution within the transmembrane core of each monomer composed of multiple PsaA and PsaB helices, suggesting increased protein stability and less conformational flexibility. In addition, the interfacial subunits PsaL, PsaI and PsaM at one of the dimeric interfaces contain the best resolution distribution within the map, possibly reflecting higher stability. 

To reconstruct a tetramer of PSI, the single protomer of cyanobacterial PSI (PDB ID: 1JB0) was manually placed in the cryo-EM map using Chimera (259). This rough placement was followed by the rigid-body refinement of each subunit in Phenix (260). We mapped density for all known PSI subunits except for PsaX, which had a very fragmented and weak density. This could indicate that this subunit may have been partially lost during the sample preparation. Thus, PsaX was not included in further modeling. The sequence was manually adjusted during the modeling in Coot (261). The positions of Chl a molecules from 1JB0 structure were used as reference points to model Chl a in the tetramer. The map resolution was not sufficient to model the positions of carotenoids. The manually rebuilt model underwent several rounds of real-space refinement in Phenix (260), including NCS restraints, secondary structure restraints, and simulated annealing protocol. The positions of side chains were modelled according to the density, except for the ambiguous situations, where the most common rotamers were utilized. 
[bookmark: _Toc108708933]Overall Structure and Placement of Subunits

As we have previously shown (258), the tetramer is organized as a dimer-of-dimers with two different interfaces: A-B and B-A’ (Figure 15A).  Therefore, the structure is pseudotetrameric and it has C2 and not C4 symmetry. The obtained cryo-EM structure of the tetrameric PSI of TS-821 resolves 44 subunits: four each 
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[bookmark: _Toc108557616]Figure 15. Tetrameric PSI structure of TS-821
A. Surface view of PSI monomers (A, B, A’ and B’) that make up the tetramer are shown in stromal (left), membrane (center) and lumenal (right) views. Each monomer is identical but colored differently for the purpose of visualization. 
B. Stromal (left), membrane (center) and lumenal (right) view of tetrameric PSI colored by chain. 
C. Labelled subunits of one of the monomers are shown in membrane (top) and stromal (bottom) view.


of PsaA, PsaB, PsaC, PsaD, PsaE, PsaF, PsaI, PsaJ, PsaK, PsaL, and PsaM (Figure 15, B-C). The inner cavity is surrounded by four PsaL, two PsaM, and two PsaI subunits. The relative positions of the subunits are identical in the individual monomers. However, the tetramer has a dual symmetry where the positioning of the monomers A and B are identical to that of monomers A’ and B’ supporting the hypothesis that tetrameric PSI is a dimer-of-dimers. The PsaL subunits are closely associated with each other between monomers A-B and A’-B’ (Figure 15B). Interestingly, PsaL subunits in adjacent monomers B-B’ and A-A’ are not in contact with each other. PsaM and PsaI subunits of monomers A and A’ are oriented towards the inside cavity of the tetramer. In monomers B and B’ these two subunits are buried in the interface region between monomer A-B and A’-B’.
[bookmark: _Toc108708934]Differential Stability of Dimeric Interfaces

The two different dimeric interfaces, A-B and B-A’, are shown in the lumenal and stromal view of Figure. 166A-B with the interfacial amino acid residues shown in space-filling. An enlarged view of these interfaces from the external membrane view is shown in Figure 16B. The residues contributing to the most stabilization of each interface is shown in spheres and also denoted in Figure 16C. To qualitatively assess the stability of these interfaces, we performed refinement of each interface with the HADDOCK (233), including parameterization of Chl a molecules. Results reveal a differential contribution of combined non-covalent forces governing each interface (Figure 16C-D). 

Although the overall calculated energetics are similar in the HADDOCK score, electrostatic contributions are substantial in the A-B’ interface as compared to the A-B interface. Thus, charge-charge interactions are of more considerable significance for A-B’. The decreased contribution of electrostatic energies is compensated by extensive van der Waals interactions in the A-B interface (Figure 16C). The A-B interface contains more proximal Chl (11) than the B-A’ interface (6). However, the B-A’ interface includes more transmembrane domains (14) than the A-B interface (7). This compositional difference is reflected in the increased buried surface area of A-B (2,418 Å2) whereas the B-A’ only has 1561 Å2 (Figure 16D).  In addition, we compared interfaces with missing Chl a molecules to assess the impact of the Chl a molecules. Overall, Chl a molecules contribute to the solvation energies of both interfaces and the regulation of electrostatic energies. As expected, they also contribute to the larger surface area for the A-B and A’-B’ interfaces, indicating that they are integral for their formation and stability.

Similar results were obtained by using Monte Carlo calculations (262) to allow the sampling of amino acids’ protonation states. To understand the stability of the interfaces between the different monomers, we extracted the amino acids that have their C within 12 Å from the amino acids of corresponding monomers. Hence, Monte Carlo sampling is used to obtain Boltzmann distribution for the protonation patterns. Then, we evaluated the electrostatic and van der Waals interactions between 78 and 119 amino acids for interface A-B’ and A-B respectively based on Boltzmann occupancies (Figure 16D). The sum of the Coulombic interactions between the amino acids in interface A-B’ is -0.4 kcal/mol, while the sum of vdw interactions is -14 kcal/mol. For interface A-B, the contribution from Coulombic and vdw interactions is 0.1 kcal/mol and -16 kcal/mol respectively. These results indicate that the structure of the dimer-of-dimers is mainly stabilized by the dispersion interactions (London forces).
[bookmark: _Toc108708935]Cofactor placements

Based on the densities and our molecular modelling, we are able to place all of the known light-harvesting Chls and electron transport components. There are three [4Fe-4S] clusters (FA, FB, and FX) in each monomer. FA is located in PsaA subunit 

[bookmark: _Toc108557617]Figure 16. Structure and stability of the two-dimer interface
A. Two distinct interfaces are observed in tetramer (labeled as A-B and A’-B); each individual PSI is colored differently. The residues that contribute significantly to the stabilization energy are shown as spheres. This contribution is dominated by the dispersion forces 
B. The close up of the two interfaces, A-B and B-A’. 
C. the dispersion energies contribution of individual amino acids into the stabilization of interfaces calculated using Amber forcefield. 
D. The electrostatics and van der Waals energies and the accessible surface areas of both interfaces.
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and both FX and FB are located in the PsaC subunit. In the resolution of our model, we could not unambiguously identify any carotenoids or lipids and therefore not deposited in the PDB dataset. However, based on unresolved densities and comparative analysis of the carotenoids in the T.e. BP-1 PSI crystal structure (PDB ID- 1JB0), we have been able to putatively place both phylloquinones and carotenoids in our model.  Each monomer has two phylloquinones. At this resolution the specific identity of the carotenoids could not be matched to the previously chemically identified carotenoids (207) and are thus modeled as β-carotene (BCR). We have compared the BCR placement with the Nostoc PSI tetramer (PDB ID: 6JEO) and identified differences in the two species (Figure 17). 

Even though most BCRs are in identical locations as those in Nostoc, there are additional BCRs noted in Nostoc in almost all monomers, whereas in case of TS-821, there is one additional BCR in monomer B and 2 BCRs in monomer B’ (Figure 17A). Overall, there are 18 BCR molecules in monomers A and A’, while 20 in monomer B and B’. There are a total of 358 Chl a molecules in the tetramer, 91 in monomer A, 89 in monomer B, 90 in monomer A’ and 88 in monomer B’ (Figure 18). The special pair of Chl a is located at the center of the PsaA-PsaB interface, towards the lumenal side. Closely placed Chl a molecules with Mg2+-Mg2+ distance < 10 Å are found primarily within individual monomers but are not found in any of the four interfaces between monomers (Figure 19A). A pair of Chl a molecules has one Mg2+-Mg2+ distance of less than 15 Å at both the A-B and A’B’ interfaces (Figure 19B). There are no Chl a molecules with Mg2+-Mg2+ distances < 15 Å across the B-A’ and B’-A interfaces (Figure 19B). There are many Chls within < 20 Å in all the interface region (Figure 19C). Figure 19D shows all of these contacts superimposed. These closely placed Chl pairs are delineated by their monomer, chain ID and residue ID in Table 3. Key Chl residues at the monomer interfaces are highlighted in Table 3 and shown in Figure 19E. In monomers B 
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[bookmark: _Toc108557618]Figure 17. Comparing BCRs in individual monomers of TS-821 (PDB ID- 6QWJ) and Nostoc (PDB ID-6JEO)
A. The BCRs are shown as sticks (TS-821- yellow, Nostoc- cyan). The monomers are aligned individually, for example, monomer A of TS-821 is aligned with monomer A of Nostoc. The RMSD values for alignment of individual pairs of monomers A, B, A’ and B’ from both species are 2.356, 2.396, 2.325 and 2.393 Å, respectively. The dashed black ovals indicate additional BCRs in Nostoc while the dashed red ovals are additional BCRs in TS-821. 
B. Table summarizing the BCR counts in TS-821 (PDB ID- 6QWJ), Nostoc (PDB ID-6JEO) and T.e. BP-1 (PDB ID- 1JB0).
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[bookmark: _Toc108557619]Figure 18. Comparing Chl a in individual monomers of TS-821 (PDB ID- 6QWJ) and Nostoc (PDB ID-6JEO)
A. The Chl a pyrrole rings are shown in sticks (TS-821- yellow and Nostoc- cyan). The surface represents each monomer which are aligned individually, for example, monomer A of TS-821 is aligned with monomer A of Nostoc. The RMSD values for alignment of individual pairs of monomers A, B, A’ and B’ from both species are 2.356, 2.396, 2.325 and 2.393 Å, respectively. 
B. Table summarizing the Chl a count in TS-821 (PDB ID- 6QWJ), Nostoc (PDB ID-6JEO).


[bookmark: _Toc108557620]Figure 19. Distances between Mg2+-Mg2+ of adjacent pyrrole rings of Chl a.
Mg-Mg distances within (A) 10 Å (blue), (B) 15 Å (orange), and (C) 20 Å (yellow) (D) Combined Mg-Mg distances (10, 15, and 20 Å). (E) Mg-Mg distances of Chl a molecules at the interface between PSI monomers: Chl a pyrrole rings are colored based on the associated subunit - green for PsaA, blue for PsaB and yellow for PsaK. The distances (between 12-20Å) as between Chls participating in interface are shown in red (Also see Table 3). The surface depicts the respective monomers (labelled in the bottom) separated by dashed gray line.
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[bookmark: _Toc108557592]Table 3. Table showing Mg-Mg distances of Chl a molecules at the interface between PSI monomers as depicted in Figure 18E
	Monomer
	Chain
	Residue ID
	Monomer
	Chain
	Residue ID
	Mg-Mg Distance (Å)

	A
	A
	1121
	B
	B
	1208
	17.7

	A
	A
	1134
	B
	B
	1211
	18.8

	A
	A
	1801
	B
	B
	1208
	16.3

	A
	K
	1401
	B
	B
	1211
	19.1

	A
	K
	1401
	B
	B
	1212
	14.8

	A
	B
	1212
	B'
	A
	1133
	19.8

	A
	B
	1213
	B'
	A
	1134
	16.6

	A
	B
	1217
	B'
	A
	1121
	15.8

	A
	B
	1218
	B'
	A
	1120
	18.1

	A
	B
	1218
	B'
	A
	1121
	16.1

	B
	A
	1120
	A'
	B
	1218
	18.2

	B
	A
	1121
	A'
	B
	1217
	15.7

	B
	A
	1121
	A'
	B
	1218
	15.9

	B
	A
	1133
	A'
	B
	1212
	19.9

	B
	A
	1134
	A'
	B
	1213
	16.7

	A'
	A
	1121
	B'
	B
	1208
	17.7

	A'
	A
	1134
	B'
	B
	1211
	18.9

	A'
	A
	1801
	B'
	B
	1208
	16.0

	A'
	K
	1401
	B'
	B
	1211
	19.2

	A'
	K
	1401
	B'
	B
	1212
	14.7





and B’, there are two Chl a’s oriented parallel to one another near the monomer interface (Figure 19E). Five lipids (1,2-dipalmitoyl-phosphatidyl-glycerole, LHG) were putatively placed in our model and compared with the lipids identified in Nostoc tetramer (205) (Figure 20). In Nostoc, there are three LHGs in each monomer placed in identical locations. Out of the 5 LHGs of TS-821 PSI aligned with those of Nostoc PSI, 2 each were found in monomers A and A’ while only one in monomer B’.
[bookmark: _Toc108708936]Central cavity

The central cavity of the tetramer contains unresolved densities which may correspond to lipids, detergent molecules, or pigment/carotenoid molecules. A model cyanobacterial membrane containing 47% monogalactosyldiacylglycerol (MGDG), 23% digalactosyldiacylglycerol (DGDG), 21% sulfoquinovosyl diacylglycerol (SQDG), and 9% phosphatidylglycerol (PG) was generated with CHARMM-GUI. The tetrameric PSI was embedded in the membrane using VMD (Figure 21A-B). CASTp (263) was used to calculate the volume of the central cavity using PsaI, PsaL, and PsaM subunits. The central cavity is about 70 Å x 50 Å and has an approximate volume of 65,000 Å3 (Figure 21C-D). Although we do not observe densities in this central cavity, the volume would suggest it could accommodate a bilayer with about 25-30 lipids per leaflet. Prior work has shown that TS-821 tetramer is enriched in novel carotenoids (203-206) that are lost upon detergent destruction into dimers which may suggest that this central cavity contains carotenoids that may be lost during isolation. 
[bookmark: _Toc108708937]Differences in structure with trimeric PSI

To describe the differences in Chl placements in the monomeric interfaces of the tetrameric PSI from the earlier elucidated trimeric structures, we have directly compared TS-821 PSI to T.e. BP-1 (PDB ID- 1JB0) and Syn PCC 6803 PSI (PDB ID- 5OY0) crystal structures (Figure  22 and 23). These Chls may function in the
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[bookmark: _Toc108557621]Figure 20. Comparing lipids in TS-821 and Nostoc.
The lipids resolved, 1,2-dipalmitoyl-phosphatidyl-glycerole (LHG) are shown in green in TS-821 (PDB ID- 6QWJ) and aligned to Nostoc (PDB ID-6JEO) shown in orange.
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[bookmark: _Toc108557622]Figure 21. Potential lipid capacity and central cavity size
(A) Stromal and (B) lumenal surface views of tetrameric PSI embedded in a model cyanobacterial membrane generated with CHARMM-GUI and embedded with VMD. The membrane contains 47% MGDG, 23% DGDG, 21% SQDG, and 9% PG. 
(C) Stromal and (D) lumenal views of the central cavity (blue) calculated with CASTp. Only chains that form the cavity are shown (PsaL on all four monomers, PsaI and PsaM on monomers B and B’).
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[bookmark: _Toc108557623]Figure 22. Interface Chl a’s between PSI monomers of TS-821 tetrameric PSI vs T. e. BP-1 trimeric PSI and PCC 6803 trimeric PSI
A. Tetrameric PSI of TS-821 (left), trimeric PSI of T. e. BP-1 (PDB-ID:1JB0) (center) and trimeric PSI of Syn PCC 6083 (PDB-ID: 5OY0) are shown in surface; only chain PsaA (green) and PsaB (blue) are shown as cartoon. In all three structures, the pyrrole rings of Chl a associated with PsaA at the interface of the PSI monomers are high-lighted as purple and those associated with PsaB are high-lighted in orange. 
B. A closer look of the interfaces: B’-A and A-B: The black and red loops are part of PsaB with sequences- QPKFRPS and MYRTNFGIGHS respectively. The distances are shown in yellow lines. The missing Chl a at the B-A’ interface is shown in purple dashed pyrrole ring at a relatively similar position as it is in the mono-AB interface.
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[bookmark: _Toc108557624]Figure 23. Comparison of Chl a arrangement of trimeric PSI (PDB-ID: 1JB0) from T. e. BP-1 and tetrameric PSI from TS-821
A. The Chl a pyrrole rings are depicted in green and the distances (<20Å) between Mg-Mg are shown in yellow. Chl a’s at the interface between monomers are circled in black. 
B. Distances between parallel Chl a’s at the interface of the monomers are shown and labelled.


energy transfer between adjacent PSI monomers. Interestingly, only the A-B and A’-B’ interfaces are conserved in contacts and packing to the three identical interfaces found in the trimeric PSI (Figure 22A). The enlarged view in Figure 22B reveals the three parallel Chl a molecules observed at these interfaces of tetrameric PSI from TS-821 that are also observed in the trimeric PSI complexes. However, the other dimer interfaces in the tetramer (A-B’ and A’-B) form a distinct interface that is not observed in the interface regions of either trimeric PSI. These Chl a molecules are located much closer together at the A-B and A’-B’ interfaces in the tetramer as compared to the A-B’ and A’-B. The larger surface area of the A-B and A’-B’ interfaces along with the conservation of the Chl a arrangement with trimeric structures suggests that these two interfaces likely form the dimers and the A-B’ and A’-B interfaces are responsible for joining the two dimers together. 
[bookmark: _Toc108708938]Role of PsaL in interface stability

Early work has shown that PsaL is key to the assembly and stability of the trimeric structure of PSI (264). Since the A-B interface in the tetrameric PSI resembles the trimeric PSI interface at the core, we investigated the interaction interface of PsaLs in PSIs of both T.e. BP-1 and TS-821 and other tetramers (PDB IDs 6JEO and 6K61) (Figure 24). The three PsaL subunits form a central helical bundle in T. e. BP-1 PSI trimer (Figure 24A). This central core contains a PsaL subunit from each PSI monomer and has virtually no cavity. In the trimer, the enlarged view highlights the residues that stabilize this PsaL bundle. These residues span the entire transmembrane region with mostly non-polar interactions. However, the dimeric PsaL bundle in all three tetramers superimposed (PDB IDs- 6QWJ, 6JEO and 6K61) shown in Figure 24B-C reveals interactions only at the lumenal and stromal regions. At the PsaL interface (A-B and A’-B’) of the tetramer, only the lumenal face has a few hydrophobic residues present (Figure 24B). Interestingly, there is a large number of polar side chains in the stromal and lumenal faces at the PsaL interface of the tetramer. 
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[bookmark: _Toc108557625]Figure 24. Interaction interface of PsaL subunits in trimeric (T. e. BP1) and tetrameric (TS-821, 6JEO and 6K61) PSI
A. highlights the polar and non-polar residues that participate in the interaction interface at the interface of the three PsaLs of their respective monomers in T. e. BP-1. 
B. highlights the residues participating in the interaction interface between the two PsaLs of the A-B or A’-B’ interface, RMSD- 0.708 (6JEO and 6K61 aligned) and RMSD- 5.732 (TS-821 and 6JEO aligned). (C) Shows the PsaL from all three tetramers (TS-821, 6JEO and 6K61) A-B interface (stromal and membrane view). The aligned PsaL from both monomer A and B are also shown in the bottom


[bookmark: _Toc108708939]Evolutionary differences in PsaL

Our prior work has highlighted that all or nearly all of the HCR contain a tetrameric form of PSI (203, 204, 207). Since previous work has shown that PsaL is driving the trimerization (264), it is not clear what determines the oligomeric state of the PSI tetrameric complex. However, prior work has identified changes in two regions of the PsaL primary sequence that seem to correlate with trimeric and tetrameric forms (207). To investigate that in greater details, we compared 113 PsaL orthologs from a broad range of cyanobacteria including those shown to be trimeric, far-red light-inducible Chl f-containing, marine (Prochlorococcus/ Synechococcus) and putative tetrameric cyanobacteria. This phylogenetic approach is both broader and based on a different evolutionary trait from either the initial tree based on only 16S rRNA (Figure 25A) or the previous tree utilizing 29 universally conserved genes (207). Moreover, this phylogenetic tree is focused on changes associated with the PsaL (Figure 25A).

Our analysis of a non-redundant set of PsaL sequences yielded four putative monophyletic clusters (Figure 25A). Each cluster does contain multiple species whose PSI oligomeric state/type is experimentally known (trimeric, tetrameric, or far-red), giving us further confidence in this phylogenetic approach to identify PSI oligomerization states. In some cases, organisms contained multiple PsaL proteins that fit into two or three groups. Classification of each group was based on existing structural data from representative members: using Leptolyngbya sp. strain JSC-1 (255) as an anchor for the far-red cluster, T. e. BP-1 as trimer cluster (185), Chroococcidiopsis sp. TS-821 as tetramer anchor (206, 207) and the Pro/Syn group does not yet have a high-resolution structure, however, a recent AFM study clearly indicated a trimeric form of PSI (198). Upon this agnostic phylogenetic classification, we identified some sequence/structure variation(s) found within the PsaL gene when each PSI cluster identified in Figure 25A was analyzed by a LogoPlot of the region between the transmembrane domain (TMD) #2 and #3 (Figure 25B) as well as the C terminus region (Figure 25C). Both of these regions were previously identified as variable regions of PsaL in cyanobacteria (206). The sequence LogoPlots of the trimer and far-red sequences are most alike based on conserved regions (CR) across CR-I and CR-II in the linker region (Figure 25B). Similarly, the far-red and trimers show signs of common ancestry based on the c-terminal regions, especially CR-III and CR-IV. Interestingly, the tetramers were most similar to the Prochlorococcus/Synechococcus group based on their linker region with conserved TV/T/APNPP motif found in CR-V region (Figure 25C). Unlike the trimers and far-red groups, there were no conserved regions between the tetramers and the Prochlorococcus/Synechococcus group across the C-terminal regions. Three Prochlorococcus genomes of SS120 (low-light), MIT9313 (low-light), and MED4 (high-light) clustered with the Prochlorococcus/Synechococcus group even though they are known to form trimeric PSI structures (198). 

The LogoPlot identified conserved regions (CR I-V) were spatially placed in the known structures of the tetrameric TS-821 PSI and the trimeric PSI structures from T. e. BP-1 and Syn PCC 6803 (Fig. 26). It is clear that these conserved regions form different associations based on the oligomeric state. Inspection of these models reveals apparent differences in where these CRs reside in the different PSI oligomers. For example, in the tetramer, CR-II and CR-V, are located in the stromal face of both A-B and A’-B’ interfaces. In trimeric PSI, CR-I and CR-II are located in the stromal face while CR-III and CR-IV are located in the lumenal face. CR-II is found in both the tetrameric (in the dimeric interfaces A-B and A’-B’) as well as the trimeric PSI (central core), which suggests a crucial role of this region in oligomerization of PSI dimer in case of the tetrameric PSI and the trimeric PSI. On the other hand, CR-III and CR-IV are only found in trimeric and far-red PSIs, which suggests a sole role in trimeric PSI. Interestingly, CR-III and CR-IV are not 

[bookmark: _Toc108557626]Figure 25. Phylogenetic Analysis of PsaL and motif-analysis
A. This represents a maximum-likelihood tree built using FastTree 2 on the multiple alignments of the 108 PsaL proteins using MUSCLE. The color shaded regions delineate separate groups that are known to include different forms of PSI including trimeric forms of PSI, far-red light forms of PSI, tetrameric forms of PSI, and the fourth group of marine cyanobacteria including members of Prochlorococcus and Synechococcus. Some species contain multiple copies of PsaL in their genome and these are denoted by colored circles (by species) and numbers (by the number of PsaL copies).
B. Logo plot of the loop region between the predicted TMD #2 and #3. The ending and beginning of the TMD are shown by colored boxes below the Logo sequence. The bit score scale was set to 6 bits to allow the error bars to be visible. The conserved motifs were shaded and named CR I-V. Within each CR the most conserved amino acids were further indicated by an asterisk above the single letter code.
C. Similar to panel B, we display the Logo plots of the PsaL C-terminus of the four different groups, also indicating the conserved regions (CR III-IV).
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[bookmark: _Toc108557627]Figure 26. Comparison of the PsaL conserved regions in TS-821, T. e. BP-1 and Syn PCC 6803 PSIs
The CRs (as highlighted in Figure 25B-C) are shown in different perspective- stromal (top row), lumenal (second row), membrane (3rd row) and an enlarged membrane view (bottom row).




observed in the marine cyanobacterium (Prochlorococcus/Synechococcus) raising questions as to the oligomeric state of PSI in these organisms. This is supported by the confirmation and placement of CR-II and CR-V, both the tetramers and the marine PsaLs have two copies of CR-V.

[bookmark: _Toc108708940]Conclusions

In this study, the structure of tetrameric PSI from TS-821, a thermophilic non-heterocyst forming cyanobacterium, was solved by cryo-EM with a resolution of 3.72 Å and has an organization of a dimer-of-dimers. The tetramer exhibits two types of interfaces- A-B (between monomer A and B) and B-A’ (between monomer B and A’). The A-B interface of the tetramer closely resembles to that of the trimeric 

PSI of other cyanobacteria (T.e. BP-1 and Syn PCC 6803) whereas the BA’ interface is novel and resembles the two reports of a tetrameric PSI in Nostoc sp. PCC 7120, a mesophilic filamentous heterocyst forming cyanobacteria (203, 204) (See alignment in Figure 27). This suggests that the tetrameric form of PSI is widespread, occurring in both heterocyst and non-heterocyst forming cyanobacteria. The Chls in both tetramers show distinct arrangements at the two interfaces as compared to the trimeric PSI. The Chl placements in the A-B interface are more similar to that observed at the trimeric interfaces but are clearly different from the Chl positions at the B-A’ interface. 

The three parallel Chls common to the A-B interface and trimer suggest that this dimeric interface most resembles the trimeric interface. Our extended phylogenetic analysis of PsaL confirms our prior observation that changes in the loop between TMD #2 and #3 and the C-terminus may have an evolutionary and structural role 
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[bookmark: _Toc108557628]Figure 27. Alignment of tetrameric PSIs of TS-821 (PDB ID- 6QWJ) and Nostoc (PDB ID-6JEO)
Comparing the tetramers of TS-821 (cyan) and Nostoc (light green) by performing different alignment strategies- all four monomers; monomer A only; monomer A and B only; and PsaL. PyMol was used to generate these alignments.




in how subunit PsaL alters the oligomeric state of PSI. Structural analysis suggests that the PsaL core in trimeric PSI as compared to that of tetramer have multiple bulky residues, mostly aromatic residues all along the transmembrane domain. In tetramer, only the lumenal face of PsaL at the AB interface has multiple bulky (mostly non-polar and aromatic) residues, while the stromal face has polar residues. This is similar to that of the tetrameric PSI of heterocyst-forming cyanobacteria, where it was suggested that specific amino acids with large side chains might prevent the formation of the trimer due to the steric hindrance provided by these bulky groups (204). 

Our work adds a new tetrameric PSI cryo-EM structure for a cyanobacterium outside of the three reports in Anabaena sp. PCC 7120 (203-205). This work, coupled with our prior BN-PAGE and bioinformatic characterization (206, 258) suggest that most, if not all members of the HCR group of cyanobacteria, have a tetrameric form of PSI. However, the evolutionary role of this change in PSI structure is still elusive. Previous work has shown that in three different cyanobacteria, exposure to high light can induce the formation of tetrameric PSI and was also shown to induce the accumulation of more novel carotenoids in the thylakoid membranes (207). This might suggest that one role of the tetramer is to allow accumulation of photoprotective carotenoids with PSI when exposed to high light environments. How these carotenoids are associated with PSI is unknown, but their release upon dissociation into two dimers suggests that one possibility is an association within the ~ 65,000 Å3 central cavity. This higher carotenoids amount can also be a part of thermoadaptation mechanism that helps to support the photosynthetic reactions under high temperatures (265, 266).

The subunit PsaL was found to be essential for the formation of the trimeric form of PSI (267). Our bioinformatic work has identified small, conserved regions in PsaL that correlate with this tetrameric symmetry by promoting PsaL dimerization versus a trimerization in the PSI timers. According to the study by Netzer-El et al., the C-terminus region of PsaL creates a short helix that associates with the PsaL subunits of the neighboring PSI monomers in the trimer, assisting in trimer stabilization, however, addition of a terminal histidine disrupts this association resulting in a largely monomeric form of PSI along with dislocation and structural differences in subunits PsaM and PsaI which are located in the trimerization region (268). In our study, we highlight the placement of PsaL in the formation of two dimeric interfaces and how the protein: protein interactions at these interfaces are quite different from those observed that stabilize the trimeric form. Phylogenetic analysis, along with motif analysis, has revealed several loosely conserved regions (CRI-V) within the PsaL subunit that contribute to oligomerization of PSI tetramers. Our analysis suggests that cyanobacteria having strictly trimeric PSI along with far-red type PSI trimers have common ancestry with specific conserved regions. On the other hand, the PsaL from marine cyanobacteria (Prochlorococcus/ Synechococcus) and those who have tetrameric PSI lack CR-III & IV but has a new conserved domain CR-V. The presence of semi-conserved CR-II in all four groups suggest I role in all PSI structures, yet this region is the least conserved overall. These general observations may be complicated since some organisms encode multiple copies of the psaL genes, yet in most cases each PsaL is placed phylogenetically within one of the four groups.

Our bioinformatic analysis of the PsaL protein of most Prochlorococcus strains (including MIT9313 and MED) did not cluster with trimeric group in the PsaL tree yet was placed much closer to the tetrameric PSI-forming cyanobacteria. Surprisingly, a LogoPlot of the loop region between TMD 2 & 3 of the marine cyanobacteria, identified CR-V that is enriched in Pro residues. There are actually two CR-V motifs that are also conserved with species known to have tetrameric form of PSI. Although the structure of PSI from these marine cyanobacteria have not been studied by crystallography or cryo-EM, there was a recent AFM study of two Prochlorococcus ecotypes including a high-light (MED4) and low-light (MIT9313) ecotypes (198). Using AFM imaging of intact thylakoids, this group observed that non-trimeric forms of PSI (dimeric/monomeric) were significantly increased (~5x) relative to PSI trimers, when the cells were grown in high light conditions. This suggests that either the formation of trimers or the stability of existing PSI trimers is reduced upon high light exposure. Together this suggests that although the thylakoids of Prochlorococcus/Synechococcus group may contain PSI trimers, upon exposure to high light, there is a major shift towards dimeric/monomeric forms of PSI.

Our biochemical observation of tetrameric PSI in the HCR may reflect increased stability of the tetramer, possibly due to the high local concentration of PSI and/or the lipid composition of the thylakoid region or sub-domain where PSI is localized. TS-821 is a thermophilic cyanobacterium that will have predominantly saturated fatty acids, possibly because of limited fatty acid desaturase genes (FAD) as observed in T. elongatus (269). However, the marine cyanobacteria (Prochlorococcus/ Synechococcus) are mesophiles and have been shown to have highly unsaturated fatty acids due to their multiple FAD genes (269, 270) and possibly because of the recently identified activity of cyanophage-encoded lipid desaturases (271). Future work will be needed to see if the marine cyanobacteria contain a stable dimeric or tetrameric form of PSI when grown in high light. 

Early analysis of 56 different cyanobacteria suggested that chloroplasts arose as a single monophyletic event from an organism that is most closely related to N2-fixing unicellular cyanobacteria (Chroococcales) and possibly their sister group of closely related heterocyst-forming cyanobacteria (Nostocales) ~2.1 BYA (209). It has been shown that members of the genus Chroococcidiopsis are the closest living relatives to the filamentous heterocyst-differentiating cyanobacteria (272). We and others have shown that the genus Chroococcidiopsis includes species with unique survival abilities under nitrogen-limiting conditions and can grow fairly well in salt water (272). These authors speculated that Chroococcidiopsis was capable of surviving, following a sudden washout, into an increasingly saline environment, thereby providing a route for the evolution of open, ocean‐dwelling cyanobacterial strains (273). Recently Sánchez-Baracaldo and colleagues proposed that closest relative of the chloroplast was an ancient freshwater cyanobacterium, Gloeomargarita (274). Their data suggests that the ancestor of the chloroplast and Gloeomargarita diverged about 2.1 billion years ago, which is relatively early in the evolutionary timeline of the cyanobacterial lineage (274, 275) and prior to when planktonic marine cyanobacteria diverged from freshwater ancestors (276). It will be interesting to see if Gloeomargarita has a tetrameric form of PSI, which may suggest that it could give rise to both marine cyanobacteria and chloroplasts. This early placement of a tetrameric PSI in cyanobacterial and possibly chloroplast evolution is supported by the observation that a tetrameric PSI was also found in Cyanophora paradoxa a member of the Archaeplastida and the most primitive group of photosynthetic eukaryotes known (214). Collectively, this work suggests that tetrameric PSI is a widely occurring form of PSI that may be an adaptation to high light conditions during cyanobacteria expansion and maybe the key intermediate in the evolution of PSI structure in plants and algae.
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Abstract

The first and most crucial steps in oxygenic Photosynthesis, which maintains our biosphere and thus life on Earth, is the light-driven charge separation catalyzed by PSI and II.  PSI captures sunlight with its large internal antenna system that drives electron transfer across the membrane to reduce Fd, which subsequently reduces NADP+ to NADPH and ultimately reduces CO2. In this chapter we highlight the investigation of the structural changes that takes place within microseconds involved in the electron transfer from the lumenal side of PSI to stromal end of PSI and between PSI to Fd. We attempted to investigate their subsequent dissociation, using pump-probe serial femtosecond crystallography (SFX). This dynamic and irreversible process rapidly dissolves the crystals hence this can only be studied at X-Ray Free-Electron Laser (XFEL) facilities.  We have established conditions to grow well-ordered microcrystals of the fully functional PSI-Fd complex using preliminary XFEL studies. Understanding the highly conserved molecular mechanisms that enable electron transfer from PSI to Fd, and Fd unbinding will be broadly applicable across photosynthetic organisms and serve as a model system to study inter-protein electron transfer.


[bookmark: _Toc108708943]Overview
[bookmark: _Toc108708944]Serial femtosecond crystallography using X-ray free electron lasers

The advent of hard X-ray free-electron lasers (XFELs) and emergence of serial femtosecond crystallography (SFX) (277, 278) has enhanced X-ray protein crystallography. In SFX, the extreme XFEL brilliance and ultrashort (fs scale) pulse duration enable atomic-resolution structure determination of proteins at room temperature (RT) from micron-sized protein crystals, while outrunning structure-altering (secondary) radiation damage.

Since the initial proof-of-principle serial crystallography experiments (277, 278) performed in 2009 at the first hard XFEL, the Linac Coherent Light Source (LCLS) at SLAC National Accelerator Laboratory, XFEL technologies have been further developed which include novel techniques to grow nanocrystals, deliver samples and evaluate the SFX data. The implementation of time-resolved SFX (279-283) garnered interest from the structural biology community and increased the demand for XFEL beamtime. To make XFEL technology available for these experiments, strategies to increase the speed at which data are collected are needed. A prime approach to achieving this is the use of high X-ray pulse repetition rates, which have been realized at the European XFEL (EuXFEL). 

[bookmark: _Hlk12608539][bookmark: _Hlk11081399]Here, we report the SFX study of a large membrane protein complex at the EuXFEL, accompanied by a discussion of the challenges that accompany the megahertz (MHz) repetition rates and how they were resolved. We prepared large, uniform batches of membrane proteins in sufficient amounts for the XFEL study and grew billions of uniform Photosystem I (PSI) microcrystals that matched the XFEL beam size by crystallization at low ionic strength. This method may offer advantages for performing SFX due, in part, to the facilitation of fast sample delivery required for high X-ray pulse repetition rates. In addition, we describe how we overcame the challenges presented by data collection and analysis of diffraction from a protein crystal with a large unit cell. 

Since the opening of LCLS, three more XFELs have begun user operation in recent years: SPring-8 Angstrom Compact Free-Electron Laser (SACLA) in Japan opened in 2011, Pohang Accelerator Laboratory X-ray Free-Electron Laser (PAL-XFEL) in South Korea opened in 2016, and the EuXFEL in Germany opened in 2017. Additionally, SwissFEL in Switzerland began user operation in 2019. At PAL-XFEL, SACLA, SwissFEL and LCLS, the data acquisition rates, limited by the XFEL pulse rate, are 30-120 Hz (284).

Powered by a superconducting linear accelerator, the EuXFEL is the first MHz repetition rate hard XFEL, with a bunch structure designed to deliver up to 27,000 pulses per second. Typically, XFELs produce uniformly-spaced X-ray pulses at a constant repetition rate. However, the EuXFEL delivers XFEL pulses in 10 Hz pulse trains with up to 2,700 pulses per train planned. User-assisted commissioning started in September 2017. In its first run, the EuXFEL delivered pulse trains at 10 Hz where each train contained up to 60 pulses, separated by 886 ns. In run 2 (Fall 2018), the rate was increased to 120 pulses per train, thus delivering 1,200 pulses per second and, correspondingly, at least a 10-fold increase in the data collection rate compared to other hard XFELs. The step to MHz pulse spacing is key to exploiting this higher pulse rate, as sample delivery challenges scale trivially to increase the pulse density per pulse train. The term MHz crystallography was first introduced in the publications reporting SFX at the EuXFEL with concanvalin A, concanvalin B, and lysozyme by Grünbein et al (285) and on lysozyme and β-lactamase by Wiedorn et al (286), where MHz refers to the repetition rate within a pulse train. 

MHz pulse rates bring new challenges. In SFX the sample is delivered in a serial way to the beam, most commonly in a liquid jet of crystals in their mother liquor2. It must be rapidly replenished between the XFEL pulses, removing the sample destroyed by the previous pulse. The time separation between pulses within a train at the EuXFEL is so brief that the sample must be replenished at least 9000 times faster than required at the LCLS where the pulses are separated by 8.3 ms. The first two publications reporting SFX experiments at the EuXFEL demonstrated that the sample can be effectively replenished in the 886 ns between the X-ray pulses8,9 with a 15 µm beam focus by using a gas-focused micron-scale liquid stream (with a gas-dynamic virtual nozzle, or GDVN) (287) with a velocity of at least 50 m/s (285, 288) and that molecular structures can be determined from the data sets collected at the EuXFEL (285-288).

However, current injection technology results in substantial sample wastage in between two pulse trains due to these high jet velocities required within a pulse train9. This poses a challenge for diminishing sample consumption per volume of data collected at the EuXFEL, despite the MHz repetition rate within a pulse train. The volume of data collected per volume of sample consumed will, however, increase significantly with the anticipated peak performance of the EuXFEL of up to 2,700 pulses per train, and the upcoming LCLS-II, which will provide up to 1 million pulses per second. It should be noted that the repetition rate of the XFEL is not the only limitation for the rate of data collection at MHz XFELs. Currently, the fastest X-ray detector is the newly-developed Adaptive Gain Integrating Pixel Detector (AGIPD) which can collect up to 352 images per train (potentially storing 3,520 images per second) (289). 

[bookmark: _Hlk11060308]The required fast jet speed and high sample consumption was a limitation for our SFX experiment on the large membrane protein complex Photosystem I (PSI) at the EuXFEL. Previous MHz SFX experiments were performed with commercially available proteins (i.e., lysozyme and jack bean meal powder) (285) or proteins that could be heterologously over-expressed in Escherichia coli in large amounts (e.g., BlaC)9. However, it is difficult to express and purify membrane proteins in sufficient quality, quantity and stability for X-ray crystallography, accounting for a major bottlenecks in structural biology;  to date, fewer than 1000 unique membrane protein structures have been solved to date (see  http://blanco.biomol.uci.edu/mpstruc/ for a current update on membrane protein structures). The problem is even more pronounced when multi-subunit and ligand-rich membrane protein complexes are considered, as they require specific cell machinery for membrane insertion and complex assembly. In the case of PSI, a complicated system of proteins is involved in the synthesis of cofactors and the assembly of the complex (290). This is why most structures from large membrane protein complexes, including PSI, can only be determined from the native protein complexes, isolated from their natural host cells. 

[bookmark: _Toc108708945]Methods
[bookmark: _Toc108708946]Plan for the experiment 

We proposed to collect pump-probe SFX data from nanocrystals of the fully solvated, functionally active PSI-Fd complex at room temperature. The goal of the TR-SFX experiment at the PAL-XFEL is to combine all these advances to obtain sufficiently high-resolution time-resolved structures of the PSI‑Fd complex at different time intervals after light excitation to reveal the dynamic changes that are involved in process following the  dynamics of inter-protein electron transfer between PSI and Fd, and movements of the Fd including the final step of undocking. This is a work in progress and requires multiple beamtime at the XFELs. The time-resolved single crystal diffraction patterns will be collected at the PAL‑XFEL in a similar setup to that described in (291), but with higher energy X-rays, a tighter-focused X-ray beam, higher XFEL repetition rate, thinner liquid jet (less background), higher quality crystals, improved detector and improved data analysis software (292). So far we have developed methods for crystallizing PSI‑Fd in a 1:1 complexes (data not shown) in its native form. Electron paramagnetic resonance studies showed the crystals are fully functional in electron transport (293). Preliminary data have revealed that the well-ordered crystals diffract well at synchrotrons and initial pump-probe experiments at XFELs at the low energy beamline showed significant differences between 5 and 10 µs after excitation (See the experimental design and layout in Figure 28).
[bookmark: _Toc108708947]Sample Preparation for GVDN-delivered samples toward time-resolved crystallography of PSI and PSI-Fd co-crystals

Here we describe the sample preparation for the beamtime performed at the EuXFEL in Hamburg during August of 2018 with Petra Fromme’s group. The overall purpose was to collect time-resolved crystallography data on three different systems – Photosystem I (PSI) and Photosystem I-ferredoxin complex (PSI-Fd). All PSI-Fd procedures were performed in the dark with night-vision goggles. We used the Bio-preparation lab at EuXFEL in Hamburg to grow PSI and PSI-Fd  micro-crystals on-site and characterize using SONICC a microscope with dim illumination by infrared or green light.  The PSI-Fd crystallization experiments must be performed in the complete darkness with (ASU supplied) night vision goggles, as one photon can destroy one crystal contact site. Co-crystallization was achieved using stepwise batch crystallization with seeding yielding 1.0–10.0 µm sized PSI-Fd co-crystals in 24 hours, at 20 ⁰C, using  14% PEG and 150 mM CaCl2 as precipitants.  We planned to inject the crystals using ASU supplied 50 µm gas dynamic virtual nozzle (GVDN) (287) that were used successfully at PALXFEL and require illumination with an IR LED (wavelength >750 nm) to visualize the jet during experiments. Inline filtering with 20 µm filters were used to prevent nozzle clogging.
[bookmark: _Toc108708948]PSI isolation from T.e. BP-1 and crystallization

Here, we briefly summarize the procedures and challenges of membrane protein isolation and crystallization for MHz SFX experiments. PSI was isolated from the natural thermophilic cyanobacterium T.e. BP-1. The cells were grown in a 120 L 
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[bookmark: _Toc108557629]Figure 28. TR-SFX: Building Molecular movies of biological molecules.
A. Here we can see a crystal delivering nozzle which spits out the stream of crystals in solution in a very controlled fashion. The nozzles are designed to control the size and speed of the stream. The crystals are photoexcited by a monochromatic pump-probe laser in controlled pulses to allow us to view events like conformational changes occurring upon photoexcitation.  When the laser is OFF, we can capture events that are happening in dark state while when the laser is ON we will be able to capture events happening upon photo-excitation. One of the parameter that can be controlled is the ΔT between the time laser hits the crystal and then when the same crystal is hit by the high energy X-ray beam for generating diffraction pattern. B. Each laser pulse has a length of 5ns whereas the ΔT is in case of PSI-Fd co-crystal is 5µs between light excitation and dark state detection. In case of PSI-only crystals, the electron transfer from lumen to stromal end is even faster, hence ΔT was set to as low as 0.5µs.

photobioreactor (PBR) (see detailed Method in Chapter Four) and PSI was isolated by a 36-hour multi-step isolation procedure including membrane isolation, detergent solubilization, ion exchange chromatography and crystallization as a final purification step. In total, 1000 mg of PSI was isolated and crystallized for XFEL experiments by the ASU group. PSI cannot be frozen at any step during the isolation and crystallization process, so protein was freshly isolated before the beamtime and re-crystallized on site. The first crystallization step was performed by concentrating the sample using ultrafiltration at low ionic strength. This produced a crystal suspension of broad size distribution from ~200 nm to 100 µm. 

The crystals could be sorted by size through sequential timed sedimentation, to separate the nanocrystals from larger crystals (294). The nanocrystals were used as seeds for the final crystallization step. For the final crystallization, the larger crystals were dissolved by increasing the ionic strength, leading to a highly concentrated protein solution of 100 mg/mL PSI. Initial testing of optimal precipitant conditions with PSI buffer was performed at low ionic strength. We experimented with different setups to achieve growth of the nanoseeds into crystals of uniform size matching the XFEL beam focus. Nanoseeding was achieved under conditions where seeds are added in an unstable state at which point they begin to dissolve, thereby forming a rough surface that decreases the energy barrier for new layers to be assembled. 

To achieve uniform crystals for XFEL delivery, growth of crystals from the seeds must occur rapidly, thereby outrunning new nucleation events. Nanoseeds of uniform size (confirmed by Dynamic Light Scattering (DLS) were added to a precipitant solution consisting of the low ionic strength buffer, before crystallization was induced by mixing of the seeded precipitant solution with small droplets of highly concentrated PSI (at 100 mg/mL). Incubation for 1 hour at RT in the dark resulted in the growth of uniformly sized PSI crystals (15 µm x 5 µm x 5 µm), nearly matching the X-ray beam size (See Figure 29).
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[bookmark: _Toc108557630]Figure 29. Crystals of PSI. 
A. Variable size PSI crystal distribution, grown by ultrafiltration. B. DLS (ten 18-second scans; numbered consecutively from 1-10, “Scan Number”) of nanocrystals with uniform size distribution used for seeding. C. PSI crystals of uniform size of 5 x 5 x 15 µm.


[bookmark: _Toc108708949]Fd isolation from Synechocystis PCC6803

WT PCC6803 Fd (SynFd) was recombinantly expressed and purified from high expression E. coli  Rosetta 2 (DE3) competent cells (Novagen) that contains codons rarely used in E. coli. The plasmid vector containing gene coding for SynFd with ampicillin resistant gene as well as a secondary plasmid (pISC) containing the operon for iron-sulfur cluster (ISC) incorporation and kanamycin resistant gene were transformed to E. coli Rosetta 2 (DE3) competent cells  by heat shock method. Briefly, the competent cells were thawed in ice for five to 10 min. 1µL of 25 ng/µL of each of the plasmid DNA was added sequentially to the cells in a 1.5mL microfuge tube. This was incubated for 30 min in ice and transferred to 42°C for 20 seconds in a water bath. The microfuge tube was immediately transferred to ice for two min. 1mL of SOC media (see Appendix) was added to the tube and incubated for 1hr add 37°C in shaker incubator with a shaking of 250 RPM. after incubation, the cells were palleted at 1500 RPM for two min. The pellet was resuspended in 200 µL fresh LB media (see Appendix) and 50 µL was spread onto multiple selection LB Agar plates with 100 µg/mL ampicillin and 50 µg/mL kanamycin (dual antibiotic selection). The selection plates were incubated at 37°C overnight. Isolated colonies were observed the next day. Few colonies were picked, and colony screening was performed to select for best expressing colonies, followed by making 25% glycerol stocks for long term storage in -80ºC. Large scale production of SynFd for crystallization purpose was performed in 2L culture flasks using autoinducing media as described in (295).

Briefly, an overnight 100 mL culture was grown in dual selection LB media at 37°C with constant shaking of 250 RPM using the glycerol stock of transformed E. coli  Rosetta 2 (DE3) cells. Next day, the freshly grown cell cultures were equally divided and inoculated in five 2-L culture flasks containing 1X autoinducing media (see Appendix for media recipes) with 100 µg/mL ampicillin and 50 µg/mL kanamycin for dual antibiotic selection. The cells were initially allowed to grow for 2-3 hours at 37°C with shaking at 250 RPM until the cells reached an optical density at 600 nm (OD600) of 0.4. At OD600 = 0.4, the temperature was lowered to 18°C and allowed for a 30 h autoinduction with constant shaking at 200 RPM. We were able to harvest around 100 g fresh weight of E. coli cells after induction was completed. 

Cells were resuspended in lysis buffer (200 mM tris-HCl, pH- 7.5, 200 mM NaCl). Protease inhibitor (0.2 mM PMSF) and endonucleases: 1 µL/10 mL of DENARASE (c-LEcta GmbH) and 0.5 µL/10 mL  NuCLEANase were also added in the lysis buffer. The cells were lysed by passing through the microfluidizer 8-10 times add a pressure off 21,000 psi. The lysate was collected and centrifuged at 15,000 RPM in 50 mL centrifuge tubes. The supernatant was collected  and transferred to thick-walled polymer centrifuge tubes with red/blue aluminum caps (maximum volume 30mL with caps) compatible with the fixed angle 50.2Ti rotor. The supernatant was centrifuged at 40,000 RPM for 30 min. The supernatant was collected and passed through a 0.22 µm filter. We performed ion exchange chromatography using FPLC on Pharmacia Fast Flow Q-Sepharose followed by DiaFlo ultrafiltration across a YM30 to partially remove any apo-form. The purified SynFd was then concentrated using Amicon centrifuge spin column (3 kDa cutoff) and buffer exchanged to the desired buffer (50 mM HEPES, pH 7.5 and 150 mM CaCl2). We estimated the protein concentration spectrophotometrically at wavelength 420 nm and using a published molar extinction coefficient of Fd of 9.7 mM-1cm-1 (296). 

[bookmark: _Toc108708950]Sample quantity 
Approximately two weeks before the beginning of the beamtime, ~1 g of PSI (~5 preparations, ~250 µmol Chl) and 9.11 µg of cyanobacterial Fd (~890 nmol), were shipped from ASU to the EuXFEL. The PSI and PSII were sent in crystalline form at ~4 °C using non-frozen cold packs that had been refrigerated and the Fd provided by the laboratory of Barry Bruce was sent frozen in liquid N2. PSI was 
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[bookmark: _Toc108557631]Figure 30. 15% Tris-Tricine SDS-PAGE gel showing purified SynFd. 
the sample is run in its native state with a sample solubilization buffer containing 50% glycerol and 0.01% bromophenol blue, without SDS or reducing agent, hence we observe an approximate molecular weight of 6 kDa due to its much compact and globular structure (this is less than the actual molecular weight of the polypeptide: ~10kDa).
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[bookmark: _Toc108557632]Figure 31. Spectral properties of purified SynFd
A. Absorption spectrum (300-800nm) of oxidized SynFd (using 4mM potassium ferricyanide) vs reduced SynFd (using 4mM sodium dithionite). B. Difference spectrum- (300-800nm) of SynFd. 


recrystallized on site, and PSI-Fd co-crystals were produced on site. Below we summarize the crystallization procedure for each.
[bookmark: _Toc108708951]PSI Crystallization

PSI crystals (multiple batches namely-J1, J2, K1 and K2) were used for re-crystallization which were obtained as loose pellets at the bottom of the Falcon tube in the cold room. The samples as well as the G0, G1, G2, G3, and G100 buffers (See Appendix) were taken out of the cold room, so that they could warm up to room temperature. Supernatant of the solution on top of the pellet (leaving some solution on top of pellet so we do not disturb the pellet) were removed and the pellets were re-suspended in 8 mL G0.  The Falcon tubes were centrifuged for 5 min at 5,000 rpm at 4 C. Because the supernatant was clear, it implied that most of the PSI in the preparation was viable and crystallized. The supernatant was removed until 4 mL was left for the large pellet (preparation “J”, the approximate pellet size was > 400 µL) and 2 mL for small pellet (K). 1.5-mL microfuge tubes were labelled with name of the preparation name (For example, for prep J1: J1-1, J1-2, J1-3 and J1-4) using tape. The empty microfuge tubes were pre-weighed. The crystals were resuspended in G0 buffer and distributed equally between the labeled microfuge tubes (~1 mL in each). The microfuge tubes were centrifuged for 2 min at 15,000 rpm at 4-20 C and the supernatant was discarded using a 1-mL pipettor. The microfuge tubes were centrifuged a 2nd time at 15,000 rpm at 4-20 C and the supernatant was discarded using a 100 µL pipettor. The microfuge tubes were centrifuged a 3rd time at 15,000 rpm at 4-20 C and the supernatant was discarded using a 1 µL pipettor. The tubes were weighed again and subtracted from the recorded tube weight. An equal amount of G100 was added (1 µL/mg pellet). A 10 µL pipettor with low retention tips was used to aspirate the solution several time carefully for ~2 min. It was allowed to stand at RT for 30 min so that the high salt buffer could diffuse into the crystal pellet and start dissolving the crystals. We continued dissolving the crystals using the 10 µL pipettor with low retention tips until the crystal pellet appeared completely dissolved (NOTE: It is very important that they are fully dissolved. This was checked under a microscope using polarized light).

A fast crystallization test was performed under the microscope as follows: A 1.5 µL drop of the concentrated and dissolved PSI solution was placed on a microscope slide and focused (low magnification so we could see the drop). 3 µL of G0 buffer was allowed to flow into the protein drop by placing it on the size and allowing them to touch. Within the next 5 min, we were able to see crystals growing, the number of crystals formed and how they looked gave us another indication for the quality of the preparation. We determined the chlorophyll concentration of the dissolved PSI using UV/Vis spectrometry (Table 4).

The PSI seed stock from batch K was used for seeding (supernatant from Amicon spin concentration) which had a uniform hydrodynamic radius of ~1 µm as determined by DLS. The seed stock was resuspended each time before adding the seeds to G0, G1, G2, and G3. They were added fresh directly before adding the solution to the dissolved protein (seeds may dissolve in G0-G3).

Test crystallization experiments were performed at RT as follows: For each seed stock the volume we needed to add was variable. It was estimated that adding 3-4 µL of seed stock to Gx buffer would bring the [Chl] in the Gx solution to ~2-3 µM Chl. 1 µL of corresponding PSI solution were aliquoted into each labelled microfuge tube to perform the test crystallization experiments with the respective Gx buffer (x=0, 1, 2, or 3). The volume of respective Gx was calculated so as to reach a final [Chl] of 0.496 mM (for example if [Chl] is 31 mM we needed to add 47 µL Gx to reach 0.496 mM Chl). The seeds were added to the respective Gx and 


[bookmark: _Toc108557593]Table 4. Chlorophyll concentration of dissolved PSI
	Sample Name
	Avg. Abs 664
	Avg. Abs 700
	[Chl](mM)
	[P700] (µM)

	J1
	0.54
	0.05
	32.10
	334.42

	J2
	0.57
	0.04
	34.35
	357.83

	K1
	0.45
	0.04
	26.59
	276.93

	K2
	0.51
	0.04
	30.74
	320.18


Average [P700] for all the preps: 322.34 µM.


the calculated seed solution was quickly added to the 1 µL PSI solution. The tubes were mixed rigorously by aspiration without creating bubbles. These were allowed to incubate at 20-25°C for 1 hour. Imaging of the crystals was performed in order to decide upon which Gx concentration gave the best crystals (desired uniform size of 4-10 µm with sharp edges). It was decided that G1 with half the amount of seed crystals than was previously tested should be the final buffer system for scaling up PSI crystals of the desired size. 

We centrifuged the PSI solutions (J1, J2, K1 and K2 preps) for 2 min at 5,000 rpm to remove dust particles, followed by weighing the respective microfuge tubes and subtracted the volume of the empty tubes to determine the liquid volumes (1 mg = 1 µL) and calculated the amount of G1 buffer we needed for each batch. We filled this amount of G1 into a 15 mL conical tube along with the seeds (same ratio as for the test experiment) 1 min before we finished placing the drops of PSI into the bottom of a beaker. We placed all the protein solution in the form of 5-µL droplets into the bottom of a plastic Nalgene beaker (max 250 µL/beaker) and we dumped in the calculated amount of G1 + seeds all at once into it. We transferred the suspension into the same Falcon tube where we made the G1+seeds solution. These were stored at room temperature (20-25 °C) overnight in the dark in a drawer. Images of the crystals were taken next day and stored at 4 °C until delivery to the XFEL (Figure 32).
[bookmark: _Toc108708952]PSI-Fd crystallization
Crystals of PSI from preparation were obtained and washed with G0 to remove any chlorophyll not contained within the crystals. The washed crystals were placed then pelleted in a 2-mL microfuge tube by spinning at 15,000g. Prior to pelleting the crystals, the microfuge tube’s mass was recorded. After pelleting and removing all supernatant, the microfuge tube was weighed again, and the mass of the pellet was recorded as 376.2 mg. 376.2 µL of buffer F4 (200 mM HEPES pH=7.5, 300 
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[bookmark: _Toc108557633]Figure 32. High magnification images of the final crystals of PSI
High magnification images of the final crystals of PSI from different batches- J1, J2, K1 and K2 using seed crystals from batch K in G1 buffer.



mM CaCl2, 0.02% w/v β-DDM) was added to dissolve the pellet. Upon the entire pellet being dissolved, the chlorophyll concentration of the sample was determined by UV/Vis spectrometry (Table 5). 

650 µL of the dissolved PSI was transferred to a fresh microfuge tube and 276 µL of 1.113 mM Fd was added to achieve a ratio of 1.25 Fd : 1 P700 ratio. This solution was allowed to incubate in complete darkness for 1 hour. After incubation, calculations were done to determine the amount of precipitant and buffer F5 (100 mM HEPES pH=7.5, 150 mM CaCl2, 0.02% w/v β-DDM) to add in order to achieve a final concentration of 35 µM P700, 15% PEG 400, 100 mM HEPES pH = 7.5, 150 mM CaCl2, 0.02% β-DDM (Table 6).

First the sample was mixed with the total volume of Buffer F5 required (4,562.3 µL). Then PEG 400 additions were made and mixed with a pipette rapidly in this order: 5% PEG 400 addition (498.4 µL 70% PEG 400), wait 10 min, 5% PEG 400 addition (498.4 µL 70% PEG 400), wait 10 min, 1% PEG 400 addition (99.67 µL 70% PEG 400), wait 10 min, 2% PEG 400 (199.34 µL 70% PEG 400), wait 10 min, 1% PEG 400 addition (99.67 µL 70% PEG 400), wait 10 min, 1% PEG 400 addition (99.67 µL 70% PEG 400), wait 10 min, 1% PEG 400 addition (99.67 µL 70% PEG 400), wait 10 min, 1% PEG 400 addition (99.67 µL 70% PEG 400), wait 10 min, 1% PEG 400 addition (99.67 µL 70% PEG 400). Because we eventually added up to 18% PEG 400 the final concentrations of everything were slightly lower and ended as this: 33.5 µM P700, 95.9 mM HEPES pH= 7.5, 143.8 mM CaCl2, 0.019% β-DDM. 

After crystals had a chance to grow we tested the effects of filtering them. Figure 33 shows images of the effects of different filter sizes. Clearly the filters crush the samples, which was one theory as to why they were clogging. A major challenge 


[bookmark: _Toc108557594]Table 5.  Chlorophyll concentration of dissolved PSI for making PSI-Fd co-crystals
	Abs 664
	Abs 700
	[Chl]
	[P700]

	1.452
	0.045
	36.65 mM
	381.77 µM

	1.432
	0.045
	36.13 mM
	376.35 µM

	1.434
	0.047
	36.13 mM
	376.35 µM

	
	
	
	Avg = 378.15 µM





[bookmark: _Toc108557595]Table 6. Calculation for achieving 35 µM P700, 15% PEG 400, 100 mM HEPES pH = 7.5, 150 mM CaCl2, 0.02% β-DDM using precipitant and buffer F5

	Sample Volume
	F5 Volume
	PEG 400 Volume

	920 µL
	4,562.3 µL
	1495 µL 
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[bookmark: _Toc108557634]Figure 33. Result of filtering PSI-Fd co-crystals. 


in characterizing the shape and size of the PSI-Fd co-crystal was imaging these crystals under light microscope or DLS due to its light sensitivity. The crystals immediately dissolve upon exposure to light as PSI gets photooxidized causing to electron transfer to Fd and thus to the disrupting of crystal lattice. To address this, we first allowed the crystals to dry out on a glass slide in dark and then view under the microscope (Figure 34).
[bookmark: _Toc108708953]Sample loading

Samples were loaded into metal rods referred to as “reservoirs” and send to the hutch on an elevator. PSI and PSII samples were loaded into reservoirs that were stored at 4 °C and the PSI-Fd sample was loaded at room temperature. PSI samples were loaded in the light at room temperature. PSI-Fd was loaded in the dark with night vision goggles at room temperature. 
A detailed procedure of assembling the reservoir is summarized in the Appendix. Figure 35 shows an image of the reservoir fully assembled state. 
[bookmark: _Toc108708954]Pump probe time delays

Kinetic laser flash absorption spectroscopy studies in solution suggest that Fd docking and electron transfer occur in several steps based on three-phase kinetics: two fast phases of 500 ns and 2–5µs µs possibly from two distinct docking sites, and a slower kinetic phase of  > 20 µs from diffusion of free Fd to PSI (297).  0.5–20 s time delays are proposed based on previous SFX measurements (291), where data evaluation indicates strong changes in structure factors 5 s after light exposure, corresponding to the rate of electron transfer, ~ 0.5–5 µs (297)).
[bookmark: _Toc108708955]Conclusions

We have demonstrated that crystallography of a large membrane protein complex is possible at the EuXFEL where we were able to successfully obtain a 2.9 Å 
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[bookmark: _Toc108557635]Figure 34. High magnification images of the final co-crystals of PSI-Fd
High magnification images (40X) of the final co-crystals of PSI-Fd after drying on a glass slide in dark followed by visualization under the microscope.
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[bookmark: _Toc108557636]Figure 35. Diagram of a fully assembled sample reservoir.
When properly set up for sample injection, water is pumped into the water side so that the internal gasket moves to the right of the diagram, pushing the sample through the in-line filter and moving it to the injection system.


resolution molecular structure of a complicated membrane protein, PSI using MHz SFX.

PSI is a membrane protein complex that perform the light-induced charge separation and electron transfer to the mobile electron carrier Fd that drives all further steps in photosynthesis and is remarkably conserved between plants, algae, and cyanobacteria.  Fd brings reducing equivalents to more than 30 different proteins involved in various cellular processes, including ferredoxin-NADP+ reductase (FNR), which uses the electrons provided by Fd to reduce NADP+ to NADPH and subsequently reduces CO2 to carbohydrates. The inter-protein electron transfer followed by irreversible dissociation of Fd from the PSI must involve significant conformational changes in the complex, which we aim to capture for the first time with the proposed TR-SFX studies in collaboration with the Fromme group in ASU.  As the dissociation of Fd rapidly dissolves the crystals, these experiments can only be done at XFELs. Due to the small size of the crystals we will be able to excite each of the PSI molecules in the micron-sized crystals.

Recently a static structure of mutant PSI-Fd complex was solved to ~4.2 Å under cryogenic temperature, where Fd binds to PSI in close proximity to the terminal FeS cluster of PSI (298).  However, this structure is based on an inactive mutation that prevents Fd from undocking, which also raises doubts whether the observed binding site is present in the native complex or not.  The binding mechanism and electron transfer process is a highly dynamic process in vivo, where multi-phase electron transfer kinetics were observed (297) that led to the proposal of a two-step mechanism, where Fd first binds to a more distal site and moves to a proximal position upon arrival of the electron at the terminal FeS cluster of PSI.


[bookmark: _Toc108708956]CHAPTER FOUR 
[bookmark: _Toc108708957]ENHANCING ELECTRON TRANSFER THROUGH PHOTOSYSTEM I (PSI) BY BIO-ENGINEERING THE PSI-FERREDOXIN INTERFACE


Disclosure Statement
A portion of the Introduction in this chapter includes modified sections from the previously published review article (citations below). Jyotirmoy Mondal shares co-authorship and adapted figures for publication and critical review of the manuscript along with co-first authors- Dr. Nathan G. Brady, Elshan Musazade and Roman Voloshin. 

Citations
Musazade, E.; Voloshin, R.; Brady, N.; Mondal, J.; Atashova, S.; Zharmukhamedov, S. K.; Huseynova, I.; Ramakrishna, S.; Najafpour, M. M.; Shen, J.-R.; Bruce, B. D.; Allakhverdiev, S. I., Biohybrid solar cells: Fundamentals, progress, and challenges. Journal of Photochemistry and Photobiology C: Photochemistry Reviews 2018, 35, 134-156.

Abstract
Ferredoxin (Fd) shuttles electrons from photosystem I (PSI) to Fd-NADPH reductase (FNR) within the stroma of chloroplasts and cyanobacteria. This role requires delicate balance between affinity for PSI/FNR and diffusion between these two binding partners in the stroma. However, unlike the in vivo process, our work on applied photosynthesis does not require a tradeoff between binding affinity and stromal diffusion, with the goal of building a near solid state system with maximum rates of forward electron transfer. This interaction is crucial to understand the assembly of our model bio-hybrid solar cells. We have computationally shown that Fd interacts with the stromal subunits of PSI in three different possible conformations of which two of them have Fd in a nearly 180° rotation. For the purpose of building our bio-hybrid solar cells (BHSCs) we have engineered Fd with a TiO2 binding peptide, hence a modified Fd (LSTB1-Fd), attaching Fd in vitro to the TiO2 nanoparticles. Firstly, we have computationally generated single and double mutants (combination of both) of LSTB1-Fd which can potentially lead to an enhanced or ‘sticky’ interaction between the two proteins. The PSI-Fd complexes with these mutants have shown decreased free energy (G) values by rigid body-directed docking. We have performed molecular dynamic simulation for these mutants in the PSI-Fd complex. Further, we have experimentally generated these mutants and performed in vitro chemical crosslinking using EDC followed by immunoblotting to investigate the binding profile of these mutants. We also describe a novel spectroscopic method using Joliot Type Spectrophotometer (JTS-100) for studying the affinity of Fd and potential high-affinity Fd mutants for PSI in an assay that depends on functional electron transfer as the basis of the spectroscopic change measured.



[bookmark: _Toc108708958]Introduction

The photoelectrochemical, or “light” reactions of photosynthesis are responsible for essentially all primary productivity on the planet. These reactions are catalyzed by a series of protein-pigment supercomplexes that perform a concerted series of photoexcitation and electron transfer events, generating both the most oxidizing and reducing chemical reactions found in biology. The two primary supercomplexes that perform these reactions are PSII and PSI, with the cytochrome b6f complex linking them together. These complexes catalyze their electron transfer and photoexcitation activity through the use of a variety of cofactors, ranging from chlorophylls, phylloquinones, heme groups, iron-sulfur clusters, carotenoids and many more. The majority of these cofactors have unique, characteristic UV-Visible absorption spectra that are also specific for redox state and for the electronic microenvironment of each particular supercomplex, which has presented unique opportunities for spectral studies of these complexes and their interactions with each other. One such protein-protein interaction is that between PSI and Fd.

PSI is a large protein-pigment supercomplex embedded in the thylakoid membranes of photosynthetic organisms, and is comprised of 12-15 subunits, 100 Chl a molecules, 20 carotenoids, 2 phylloquinones, and three 4Fe-4S clusters. PSI even takes on higher oligomeric states in certain clades of photosynthetic organisms, making it among the most complex protein complexes in Nature, reaching sizes up to 1.6 MDa for its tetrameric form (185, 189, 191, 207, 299, 300). In vivo, PSI acts as a photoactivated cytochrome c6:ferredoxin oxidoreductase, catalyzing unidirectional charge transfer from the lumenal to the stromal regions of the thylakoid membranes with a midpoint potential of approximately 400 mV vs the standard hydrogen electrode (SHE) (301). Once this electron has moved to the stromal face of PSI, it is then used to reduce Fd in turn. We have discussed this in greater detail in Chapter One.
Fd, the in vivo electron acceptor protein partner of PSI is one member of a broader class of iron-sulfur cluster containing metalloproteins referred to broadly as ferredoxins (302). The specific Fd that is utilized during photosynthetic electron transfer events is specifically a [2Fe-2S] type cluster with a midpoint potential of approximately -400 mV vs SHE which allows for favorable electron transfer from PSI. Due to its relatively small size and soluble nature unlike the membrane-bound PSI, Fd once it has been reduced is now free to act as a cellular metabolic hub, and has been shown to feed into many different biochemical pathways, including ATP synthesis, sulfur metabolism, hydrogenase activity, NADPH generation, nitrogen metabolism, and many others (303).

Clearly, the interaction between PSI and Fd is critical for photosynthetic organisms to regulate their energy production and also reactive oxygen species (ROS) by prevention of electrons surrounding PSI. However, due to its nature as an electron shuttle, the PSI:Fd interaction is quite transient and has been difficult to study. Biochemical studies have suggested some key residues via crosslinking, yet a holistic description of this protein-protein interaction was unclear (95, 304-310). While some crystallography studies have been performed to help gain better structural information, they have relied on substitution of the 2Fe-2S cluster with galium, potentially affecting the affinity and biasing the interaction between these two interacting partners as gallium substituted Fd binds to PSI irreversibly allowing for easier crystallization of the co-complex (311). Ferredoxins have also proven quite difficult to study electrochemically and would not provide information on key characteristics driving its specific interaction with PSI (312). One of the key interest of the Bruce laboratory is to build a bio-hybrid solar cell device (BHSC) that incorporates natural pigment proteins like PSI as a sensitizer where we hypothesized that adding a natural electron acceptor of PSI, Fd in the junction between PSI and the TiO2 cathode. In the following two sections, we will highlight a brief history and use of photosynthetic pigment protein complex in BHSCs as published in our latest review by Musazade et al (313). 
[bookmark: _TOC_250008][bookmark: _Toc108708959]Brief history of photovoltaics

[bookmark: 3_Dye-sensitized_solar_cell]Photovoltaic refers to solar energy utilization by the direct conversion of light energy to electricity (314, 315). The ﬁrst reports of the photovoltaic effect appeared in the middle of the 19th century, in an investigation using an electrolytic cell by Alexandre Becquerel. This cell consisted of two platinum electrodes immersed in the acid solution with silver chloride, which when illuminated generated a photocurrent (316). Continuing into the present, silicon-based solar cells dominate the photovoltaic market. Production of high-purity monocrystalline silicon requires high temperature and vacuum, which increase both energy input and cost. This high-cost restricted solar cells largely to the space industry for more than a decade. However, during the energy crisis in the 1970s, the need to decrease fossil fuel consumption pushed scientists and inventors to develop more cost-effective solar cells. This trend of decreasing cost has continued with the advent of new technologies, mass production, and government subsidies such that solid-state, Si-based solar panels are widespread. In the published review by Musazade et al (313) we have focused on solar cells and photoelectrodes, based on components of the photosynthetic apparatus, which are more favorable due to their environmental friendliness, inexpensiveness, abundance and high quantum yield. We have considered photosynthetic processes, structure of the photosynthetic apparatus and its attractive features to applications in solar cell design. We have described the most recent achievements in the design of solar cells or photoelectrodes based on photosystems and bacterial reaction centers. Similar to photosynthesis where evolution has added large light harvesting antennae structures, the performance of low band gap semiconductor solar cells can be enhanced by the addition of a substance with wide absorption spectra. The most impressive results in the ﬁeld of bio-based solar cells to date have been achieved using TiO2- based biohybrid electrodes, like those used in the BHSC devices. 
[bookmark: _TOC_250007]

[bookmark: _Toc108708960]Dye-sensitized solar cell

Dye-sensitized solar cells (DSSCs) have recently attracted much interest as a promising energy harvesting technology. This is in part due to low-cost of fabrication, integration into a thin ﬁlm format, high efﬁciency under low-light conditions, earth abundant composition and absorption over the visible light spectrum. The most important feature of DSSCs is the use of mesoscopic semiconductor (most commonly TiO2) layer that has a very large effective surface area. This expansion of the surface increases the efﬁciency of the solar cell signiﬁcantly (316). The DSSC consists of two glass electrodes coated with a transparent conductive oxide (TCO) layer on one side. Fluorine doped tin oxide, SnO2: F (FTO) and indium tin oxide (ITO) are the most commonly used TCO sub- stances. The photoanode is formed by the porous semiconductor layer deposited onto TCO-glass. The nanometer-sized particles of semiconductor are bonded to each another to form a nano-porous three-dimensional structure. Dye molecules are attached to the surface of this ﬁlm as the single layer. Aside from the nanocrystalline TiO2, ZnO and SnO2 semiconductors are also used as the mesoscopic material. However, TiO2 gives the best results so far in terms of the DSSC efﬁciency. The advantages of TiO2, which include stability, environmental friendliness, and high refractive index, have also attracted signiﬁcant interest in using this oxide as a white pigment in paint, toothpaste, sunscreen, self-cleaning materials, and food (317).

Dye molecules (referred to as sensitizer) are adsorbed onto the TiO2 surface. Photoexcitation of this dye molecule results into the passage of an electron into the conduction band of the oxide material (318). Sensitizers used in DSSCs are separated into two main groups regarding their nature: synthesized metal-complex dyes (including metal complexes, such as polypyridyl functionalized complexes of ruthenium, iridium and osmium) and organic dyes (natural and synthetic). The sensitizer in DSSCs fulﬁlls a molecular electronic pump function. As visible light is absorbed by the sensitizer, it’s raised to a higher energy level. The elevated energy electrons are then injected into the semiconductor. Electrons move in the semiconductor by diffusion and not by electric ﬁeld. The oxidized dye molecule obtains electrons from the reduced form of an electrolyte which ﬁlls the gap between the electrodes, residing in the cavities of pores in particular. The most commonly used electrolyte for DSSC is iodide/triiodide (I−/I3−) solution (319). The dye is reduced by the I− species of the iodide/triiodide redox couple of electrolyte. Through this process, iodide is oxidized to triiodide, which migrates to the counter electrode and is reduced back by the electron from the external circuit. A single layer of catalytic platinum is overlaid onto another TCO-glass electrode to facilitate the electron transfer to the electrolyte from the external circuit. Open-circuit voltage of the solar cell is the difference between the Fermi level of the nanocrystalline ﬁlm and electrolyte redox potential (320). A schematic illustrating the principles of operation and structure of the DSSC is shown in Figure 36. However, the traditionally used dyes have several disadvantages including complex synthesis, high cost, and global resource limitation of ruthenium (Ru). These limitations have pushed investigators for a source of natural dyes that are both more cost-effective yet also  could serve as a low cost and sustainable resource. These natural dyes could be readily extracted from fruits, ﬂowers and leaves and may offer advantages over the ruthenium-complexes. The trade-offs between these natural dyes and Ru based dyes are often decreased conversion efﬁciency, durability or long-term stability (321). 

The use of natural photosynthetic pigments vs. high-cost, synthesized ruthenium complexes has offered the DSSC ﬁeld a more sustainable technology and has been recently extended to include photosynthetic complexes as natural dyes. Exploiting photosynthetic pigment-protein complexes in solar cells is a natural and exciting convergence of two research areas. Components of the intricately arranged photosynthetic apparatus achieve light induced charge separation with remarkably high quantum efﬁciency. In addition to energy convertors, biohybrid 
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[bookmark: _Toc108557637]Figure 36. Structure and redox reactions of DSSC. 
A. Structure of DSSC is depicted. Ox and Red denote reduced and oxidized species of electrolyte. B. Diagram of operational principles of DSSC is shown. Reactions of electron transfer, denoted by numerals 0,2,3,4,7–are the direct desirable reactions. Only they are realizing in ideal DSSC. The reactions, denoted by numerals 1, 5, 6 are the undesirable reactions of recombination. The potentials for a DSC based on the N3 dye, TiO2 , and the I−/I3 − redox couple is shown. Their redox potentials are represented against the normal hydrogen electrode (NHE) also called standard hydrogen electrode (SHE). Adapted from (317).


solar cells can be used to investigate fundamental processes of the photosynthetic apparatus (320).

Fd shuttles electrons from PSI to FNR within the stroma of chloroplasts and cyanobacteria. This role requires delicate balance between affinity for PSI/FNR and diffusion between these two binding partners in the stroma. However, unlike the in vivo process, our work on applied photosynthesis does not require a tradeoff between binding affinity and stromal diffusion, with the goal of building a near solid state system with maximum rates of forward electron transfer. The atomic level interaction between Fd and PSI is still unclear and not much is known about the binding partners in this interaction, neither we have a crystal structure of the complex itself. This interaction is crucial to understand for assembling our model BHSC device.

This chapter focuses on highlighting methods on engineering enhanced affinity between the trimeric PSI isolated from the thermophilic cyanobacterium, T.e. BP-1 and T.e. BP-1 Fd expressed and purified from ER2566 E. coli cells in an expression vector pTYB2 which is based on affinity purification using the NEB IMPACT™ (Intein Mediated Purification with an Affinity Chitin-binding Tag) system. We highlighted the potential of increasing charged and/or hydrophobic residues in the PSI-interaction face of Fd by site-directed mutagenesis that can result in enhanced affinity between the PSI-Fd complex. We used several techniques to confirm the increased binding affinity of engineered Fds including computational approach by rigid body directed docking and molecular dynamics simulations and experimental approach by performing in vitro binding assays with PSI including chemical crosslinking. 

The use of spectral-based methods of tracking photosynthetic protein redox state is generally quite developed due to the long-standing knowledge of unique spectral changes between reduced and oxidized forms of nearly all components of the photosynthetic electron transport chain, and especially for PSI (322-328). However, this method has not been applied to the electron donor side of PSI as robustly as it has on its electron acceptor side, Fd. 

In this chapter we also describe a novel spectroscopic method for studying the affinity of Fd for PSI in an assay that depends on functional electron transfer as the basis of the spectroscopic change measured. We were able to assess several single- and double-point mutations of Fd with potentially higher binding affinity to PSI as confirmed computationally by docking and MD simulation studies.

[bookmark: _Toc108708961]Materials and Methods

[bookmark: _Toc108708962]Large-scale cell culture of cyanobacteria

Large-scale cultures of the thermophilic cyanobacteria, Thermosynechococcus elongatus BP-1 (T.e. BP-1) and the mesophilic cyanobacteria, Synechocystis PCC 6803 (PCC6803) were grown in a flat-panel photobioreactor (PBR) by Photon System Instruments that are designed for precise and controlled cultivation of cyanobacteria in a flat cultivation vessel for an optimal illumination using a bi-color LED panel with controllable light intensity, timing, pH control, light modulation and an in-house comprehensive gas exchange module for filtered air and/or CO2. The PBR also provides a fluorometer that can measure optical density at 720nm and chlorophyll fluorescence measurement at 680nm. The starter cultures were maintained in autoclaved BG-11 medium (See Appendix) in 2L flasks with constant bubbling (Figure 37A). T.e. BP-1 was grown at 45°C while PCC6803 at 25°C with white light illumination at ~50 µE m-2 s-1 and 25 µE m-2 s-1, respectively . A dense culture of each strains (OD720nm = ~1) was then inoculated into the 25L PBR (Figure 37B). The dense culture from 25L PBR was further inoculated into the 
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[bookmark: _Toc108557638]Figure 37. Large scale cyanobacteria culture in PBR
A. The T. e. BP-1 cells are maintained in 2L flasks with BG-11 media (See Appendix) with constant bubbling with filtered air. 
B. A dense 2L dense cell culture is inoculated into the 25L PBR followed by scaling up to 120L PBR in C.


larger 120L PBR ((Figure 37C). For T.e. BP-1 culture, the light intensity was initially set to 25 µE m-2 s-1 (for red light) and 25 µE m-2 s-1 (for white light), making a total light intensity of 50 µE m-2 s-1. This was gradually increased to a total of 100 µE m-2 s-1 over the period of 4 days in a linear gradient manner. The culture was harvested once the absorbance at 720 nm reached to ~0.8. The cells were centrifuged at 5000×g at 40°C for T.e. BP-1 and 25°C for PCC6803 using the Sorvall SLC-4000 fixed angle rotor. The supernatant was discarded, and the centrifugation cycle was continued until all of the cells were pelleted. Each centrifuge cycles were 5 min. The cell pellets were resuspended into fresh BG-11 media from Sorvall SLC-4000 centrifuge bottles, transferred to 50mL centrifuge tubes and pelleted at 8000g for 10 min. Cell pellets were frozen and stored at −80 °C. A typical harvest yielded ~1 g fresh weight of cells per 1L of cell culture.
[bookmark: _Toc108708963]PSI Isolation

PSI was isolated and purified from T.e. BP-1 and PCC6803 as previously reported (206, 207, 258). Briefly, the isolation was performed using a modified protocol summarized in detail in the Appendix. 
[bookmark: _Toc108708964]Sucrose Density Gradient Centrifugation:

It is very critical to make sure that the rotor buckets are clean, and the rubber O-rings are in place and lubricated. Also it is helpful to pre-chill the rotor and the tube holders. The balanced pairs were placed opposite each other. When using an SW28 rotor, the gradients were centrifuged overnight for 14-18h. The time was set to HOLD at 24,000 rpm at 10°C with the deceleration set to profile 4. When using an SW31 rotor, the time was set for 16h and deceleration of NO BRAKE was chosen. The desired bands (as indicated in the gradients in Figure 38A) were harvested using a 4", 14-gauge stainless steel needle and this can be stored at 20°C. The PSI trimer band is buffer exchanged, concentrated and subjected to a 
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[bookmark: _Toc108557639]Figure 38. Sucrose density gradient ultracentrifugation and SDS-PAGE for T.e. BP-1 PSI trimer isolation
A. The right 10-30% sucrose density gradient indicates the bands from the first centrifugation (1st SDUG) run while the left gradient contains purified PSI trimer band after 2nd ultracentrifugation (2nd SDUG). 
B. A tris-tricine with 15% resolving SDS-PAGE gel stained with 0.25% Coomassie blue R250 staining solution shows the purification profile of PSI trimer from T.e. BP-1. The 2nd and 3rd lanes indicate 0.6% β-DDM solubilized thylakoid membrane before loading to the gradients; lanes-5-7 shows PSI trimer purified in 2019; lanes 8-10 shows PSI trimer purified by Richard Simmerman in 2016. 

second round of 10-30% sucrose density gradient ultracentrifugation for a second round of purification. Buffer exchange was performed using fresh Wash Buffer (pH 6.4) with 0.03% β-DDM by dialysis using a dialysis membrane- twice with 1 hour

interval at room temperature and 3rd time overnight at 4°C. The protein was further concentrated to desired Chl a concentration of 1mg/mL using a 100 kDa cut-off spin concentrator (Millipore/Amicon Diaflo® ultrafiltration). The PSI fractions were stored in -80°C for further experiments. A typical Tris tricine SDS-PAGE with 15% resolving gel containing 3M Urea for trimeric PSI preparation is depicted in Figure 38B.
[bookmark: _Toc108708965]SDS PAGE for β-DDM solubilized PSI trimer from T.e. BP-1

A tris-tricine SDS-PAGE was typically used for characterizing the PSI bands isolated from the sucrose density gradient ultracentrifugation by following the previously reported protocol (304). The resolving gel used were either 15% or a gradient of 12-21%. This allows greater resolution of smaller molecular weight subunits of PSI. Briefly, the gel casting apparatus included a 1 mm spacer plates and short plates from the Bio-Rad Protean-3 system (Bio-Rad Hercules, CA). The resolving gel was made using a gradient mixer with 12% and 21% resolving gel buffer in respective chambers of the gradient mixer. The resolving solutions were mixed with 10% w/v ammonium persulfate (APS) and tetramethyl ethylenediamine  (TEMED). The recipe for the solutions and volumes can be found in the Appendix. after polymerization of the resolving gel call mom a 4.8% stacking gel was layered on top of the resolving gel. A 1 mm thick comb was used to make sample wells in the stacking gel prior to polymerization. 

The gel plates were assembled in the Bio-Rad gel apparatus. the cathodic chamber was filled with 1X cathode buffer while the anodic chamber was filled with 1X anode buffer (see Appendix). The sample was mixed with a final concentration of 1X sample solubilizing buffer (SSB, see Appendix). The samples were boiled for 9 min at 65°C as optimized (shown in Figure 39). the heated samples were centrifuged at maximum speed for two min. By avoiding the pallet, the samples were loaded in respective sample wells. the gels were run at 30 mA for the first 30 min and 150 mA for another 45 to 60 min or until the dye front reaches the bottom of the plate resolving gel.

The gels were stained using Coomassie brilliant blue R250 staining solution for one hour and then destained using destaining solution for two to three hours (See Appendix) followed by imaging. 
[bookmark: _Toc108708966]Fd Expression and Purification

Wild type T.e. BP-1 Fd (WT) and WT with a linear titanium dioxide binding peptide (TOBiP) called LSTB1 (from herein referred to as WT-LSTB-1) were previously cloned in pTYB2 vector from NEB ImpactTM Kit (New England Biolabs, Beverly, MA) by the previous graduate student from the Bruce laboratory, Tuo Zhu. Briefly, the IMPACT system allows for affinity chromatography purification of recombinant protein using a self-cleavable intein tag and a chitin binding domain (CBD) using a chitin column (Figure 40A). The affinity purification is explained in the next section in greater details.

Both WT and WT-LSTB-1 were transformed to E. coli GC 10 competent cells (Genesee Scientific, San Diego, CA) by heat shock method. briefly, the competent cells were thawed in ice for five to 10 min. 1 µL of 25 ng/µL of plasmid DNA was added to the cells in a 1.5mL microfuge tube. This makes sure was incubated for 30 min in ice and transferred to 37°C for 45 seconds in a water bath. the microfuge tube was immediately transferred to ice for two min. 1 mL of SOC media (see Appendix) was added to the tube and incubated for 1hr add 37°C in shaker incubator with a shaking of 250 RPM. after incubation, the cells were palleted at 1500 RPM for two min. The pellet was resuspended in 200 µL fresh LB media (see Appendix) and was spread onto multiple selection LB Agar plates with 100 µg/mL 
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[bookmark: _Toc108557640]Figure 39. Optimization of temperature and time for solubilizing sample to run a tris-tricine SDS PAGE.
The first lane indicates the protein ladder M12. Lanes 2-10 contained purified T.e. BP-1 PSI trimer incubated with 1X SSB in different temperature and time Prior to loading into the 15% resolving SDS-PAGE gel.
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[bookmark: _Toc108557641]Figure 40. Recombinant plasmid DNA transformation and colony screening.
A. A schematic representation of the pTYB2 vector with Fd insert on the N terminal of intein tag associated with CBD. B. LB selection plates showing transformed E. coli  ER2566 and GC10 cells with pTYB2-WT construct. C. 12% tris-glycine SDS-PAGE showing induction screen of transformed ER2566 cells with pTYB2-WT. The thick band in induced lanes around 60 kDa indicates WT Fd band attached with intein and CBD. (UI- uninduced; I- induced with 0.5 mM IPTG)



ampicillin (50 µL in each). The selection plates were incubated at 37°C overnight. Isolated colonies were observed the next day (Figure 40B). Isolated colonies were picked, inoculated in 5 mL LB media with ampicillin and grown overnight at 37°C shaker incubator. The cells were pelleted and used for plasmid isolation using the QIAprep Spin Miniprep Kit (QIAGEN, Beverly, MA). 

The purified plasmids (pTYB2-WT and pTYB2-WT-LSTB1) were stored in -20°C and used for transformation in E. coli ER2566 (or alternatively C2566) competent cells (IMPACT system, New England Biolabs, Beverly, MA). The transformation protocol is similar to that of E. coli G C10 competent cells, except the heat shock temperature was 42°C for 30 seconds. Isolated colonies were obtained from selection LB media plates containing 100 µg/mL ampicillin. These positive colonies were screened for induction in order to find the colonies that provided best expression of the desired proteins. The colonies were selected and inoculated in 5 mL LB media with ampicillin and grown at 37°C until the optical density at 600nm (OD600) was 0.6. 1mM final concentration of IPTG was added for induction of protein expression and grown for another 3h. The cells were palleted by centrifugation add 5000 RPM and resuspended in 200 µL diH2O along with a final concentration of 1X SBB. The samples were boiled for 5 min and analyzed by SDS-PAGE (Figure 40C). For largescale production of Fd in 2L culture flasks, we optimized the expression and purification of the respective protein for parameters induction temperature (20°C with 20-24h induction time, 30°C with 8h induction time and 37°C with 3h of induction time), growth media (LB versus TB media), IPTG concentration (0.5 versus 1 mM) and iron and sulfur sources for the 2Fe-2S cluster maturation. Upon extensive optimization, the following conditions were, thereafter, considered for the Fd purification:
· Media: terrific broth (TB) media
· Temperature: 20°C
· IPTG concentration: 0.5 mM
· Induction time: 20-24 h
· Iron source: Ferric ammonium citrate (1 mM)
· Sulfur source: Ferric ammonium sulfate (1 mM)

After the colony screening, the confirmed colonies were grown and stored in -80 as glycerol stocks (in LB media with 25% w/v glycerol). The glycerol stocks were used to purify Fd (WT and WT-LSTB-1) in a large scale, typically about 8L in a batch in 2L culture flasks. The purification process was followed using a modified protocol from the IMPACT Kit Instruction manual (https://www.neb.com/products/e6901-impact-kit). 

Briefly, a 50-100 mL culture was grown overnight using the glycerol stock in LB media with 100 µg/mL ampicillin. this overnight grown culture was inoculated into autoclaved TB media (pre-warmed at 37°C) in 2L flasks  with 100 µg/mL ampicillin. the cells were allowed to grow in a shaker incubator with 250 RPM until OD600 was calculated to be 0.6. At OD600=0.6, 0.5 mM IPTG, 1mM each of ferric ammonium citrate and ferric ammonium sulfate were added to the culture flasks and transferred back to the incubator shaker. The temperature was changed to 18-20°C and the induction and expression of Fd was allowed for 20-24h at 200 RPM shaking. the lower temperature allows for proper assembly of 2Fe-2S cluster in the Fd apoprotein. After completion of induction, the E. coli ER2566 cells were harvested by centrifugation at 6000g for 10 min in a preparative centrifuge using 4X 500 mL centrifuge bottles. the final cell pellet was resuspended in cold 1X PBS buffer (see Appendix) to wash the cells and get rid of any residual media. The cell pellets (Figure 41) were re-pelleted and were either stored in -80°C for protein purification at a later time or resuspended in 1X cell lysis buffer (see Appendix) to proceed for cell lysis. Protease inhibitor (0.2 mM PMSF) and endonucleases: 1 µL/10 mL of DENARASE (c-LEcta GmbH) and 0.5 µL/10 mL  NuCLEANase were also added  in the lysis buffer. The cells were lysed by passing through the microfluidizer 8-10 times add a pressure off 21,000 psi. The lysate was collected and centrifuged at 15,000 RPM in 50 mL centrifuge tubes. The supernatant was 
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[bookmark: _Toc108557642]Figure 41. Affinity Chromatography purification of WT-Fd
The dark red/brown E. coli ER2566 cell pellets indicates the color associated with the holoprotein (Fd with assembled 2Fe-2S cluster). Upon cell lysis the lysate or the supernatant appears dark red/brown. The lysate is loaded onto the chitin resin column where the CBD domain attached to the intein and fused Fd protein interacts with the chitin beads. The darker top section of the column resembles the chitin bound fused protein.



collected (Figure 41) and transferred to thick-walled polymer centrifuge tubes with red/blue aluminum caps (maximum volume 30mL with caps) compatible with the fixed angle 50.2Ti rotor. The supernatant was centrifuged at 40,000 RPM for 30 min. The supernatant was collected and passed through a 0.22 µm filter and loaded onto a chitin matrix column (New England Biolabs, Beverly, MA) which was pre-equilibrated with 1X Column Buffer (see Appendix). The flow rate was kept to 0.5 mL per minute. The protein was allowed to bind to the column by passing the flow-through multiple times through the column (Figure 41). The column was washed with 20 column volumes (CVs) of ice-cold Column Buffer to remove any unbound proteins and other nonspecific proteins at a higher flow rate of 2 mL/min. After washing the column, the column was passed through 3 CVs of Column Buffer with 50 mM of β-mercaptoethanol (BME) which acts as a reducing agent to induce the self-cleavage of the intein tag. the column was incubated at 4°C for 20-24h. The protein was eluted at 4°C by passing an additional 1 CV of Column Buffer. The eluted protein was dialyzed using dialysis membrane with appropriate molecular weight cut-off in 0.1X PBS buffer (see Appendix) 2 times for 1 h each at room temperature followed by an additional one time overnight at 4°C. 

The dialyzed Fd was further passed through a 20 kDa cut-off Diaflo ultrafiltration system (Amicon Corporation) to get rid of higher molecular weight contaminants as seen in the SDS-PAGE that shows the purification profile (Figure 42) The ultrafiltered Fd protein was concentrated and stored at -80°C for long term storage. Samples were collected in each step of the purification method and analyzed using SDS-PAGE (Figures 42, 43 and 44). The molecular weight was confirmed using matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) using a Bruker Daltonics MicroflexTM mass spectrometer (Figure 45). We also optimized the best reducing agents for running the Fd proteins in an SDS-PAGE. We tested Tris(2-carboxyethyl)phosphine (TCEP), dithiothreitol (DTT) and BME with and without urea as shown in Figure 46.
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[bookmark: _Toc108557643]Figure 42. Purification profile of recombinant WT-T.e. Fd from E. coli ER2566 cells
The 15% resolving SDS-PAGE gel shows the purification profile of WT T.e. BP-1 Fd. UI- uninduced cells, I- induced cells with 0.5 mM IPTG, Sup- supernatant after cell lysis, Pellet- un-lysed pellet after cell lysis, FT- flow through, WT- wash through, F1-3- elution fraction collected after BME cleavage, UF- Fd passed through Diaflo ultrafiltration, Chitin- bound chitin beads with cell lysate. The thick band in the last column indicated the bound fused protein (Fd + intein + CBD).
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[bookmark: _Toc108557644]Figure 43. Comparative purification profile of WT LSTB-1 Fd in both LB and TB media
The 15% resolving SDS-PAGE gel shows the purification profile of WT LSTB-1 T.e. BP-1 Fd obtained from cells grown in LB media (left) versus TB media (right). UI- uninduced cells, I- induced cells with 0.5 mM IPTG at 37°C, CL- cold induction (at 20°C) Sup- supernatant after cell lysis, Pellet- un-lysed pellet after cell lysis, FT- flow through, WT- wash through, F1-3- elution fraction collected after BME cleavage, UF- Fd passed through Diaflo ultrafiltration, Chitin- bound chitin beads with cell lysate. The thick band in the last column indicated the bound fused protein (Fd + intein + CBD).





[image: ]
[bookmark: _Toc108557645]Figure 44. Diaflo Ultrafiltration and concentration using Millipore 3kDa spin concentrators
The 15% resolving SDS-PAGE gel shows the ultrafiltration of WT LSTB-1 T.e. BP-1 Fd using Diaflo ultrafiltration system and concentration of the protein using Millipore 2kDa cutoff spin concentrator. 
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[bookmark: _Toc108557646]Figure 45. MALDI-TOF MS spectra for purified protein
The spectra indicate the MALDI-TOF MS observed molecular weights of purified WT and WT LSTB-1 Fds.
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[bookmark: _Toc108557647]Figure 46. Optimization of reducing agents for analyzing Fd on SDS-PAGE
The Fd was incubated with different reducing agents- TCEP, DTT and BME with and without 3M Urea. The green box indicated the conditions (TCEP/DTT without urea) best suited for Fd showing the best band features with no higher molecular weight smears/bands as seen in all other conditions. 




[bookmark: _Toc108708967]Frustratometer analysis of binding region 

Previous study in the Bruce lab  has identified that regions of PSI and Fd exhibits local configurational frustration density of 20% or higher by using an online tool- protein Frustratometer (EMBNet, http://frustratometer.qb.fcen.uba.ar/) (95) (Figure 47). These regions can be termed as “frustrated regions” as shown in Figure 48 which also highlights important residues necessary for Fd to bind to PSI stromal region (95). The frustratometer analysis was performed on docked complexes obtained from previous study by Cashman et al. where the docking was performed by rigid body directed docking (95). The docked complexes were categorized into 3 main clusters and the docked complexes in these clusters were ranked based on the most favorable (most negative) potential interaction energies between PSI and Fd that are thermodynamically most likely to exist (Table 7). It was shown that Fd interacts with the stromal subunits of PSI (PsaC, PsaD and PsaE) in three different possible conformations of which two of them have the orientation of Fd in a nearly 180° rotation. These 3 docked complexes- models 3, 2 and 9 were associated with the 3 clusters with highest favorable confirmations (most negative potential interaction energies) in their respective clusters (Figure 49).  

Nevertheless, these conformations have highly ‘frustrated’ regions that are involved in binding with PSI and other metabolic partners, but the interaction is not tight enough for them to remain as a complex since the biological significance of this interaction is limited to shuttling of reduced Fd from PSI to FNR or other metabolic partners as elaborately explained in Chapter One. For the purpose of building a BHSC device using PSI and Fd, this transient interaction of the two protein limits the efficiency of the device and thus requires engineering of the binding surface without compromising flow of electron from PSI to Fd and thus electron transfer associated efficiency of the device. Our goal is to have an enhanced affinity for a “sticky” binding of Fd with PSI to increase the electron 
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[bookmark: _Toc108557648]Figure 47. Frustratometer analysis of Fd and PDI stromal subunits
Regions of energy frustration (frustration density of 20% or greater in red) of PSI stromal subunits (PsaC, PsaD and PsaE) and Fd obtained from frustratometer analysis (Cashman et al., 2014).
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[bookmark: _Toc108557649]Figure 48. Docked interface between PSI stromal subunits and Fd
The docking interface between PsaC, PsaD, and PsaE and Fd. PsaC, PsaD, and PsaE is shown as in gray surface with blue representing residues predicted by experimental data and red representing residues with a frustration density of 20% or greater. Ferredoxin is shown as a brown ribbon where the orange arrows highlight the two “frustrated” regions of Fd corresponding to the light pink ribbons and red atoms representing residues with a frustration density of 20% or greater. The 4Fe-4S clusters of PsaC and the 2Fe-2S cluster of Fd are represented as ball-and-stick models. Strands of PsaA and PsaB are drawn in green ribbons for perspective.


[bookmark: _Toc108557596]Table 7. Non-bonded interaction energies calculated for photosystem I/ferredoxin docked complexes, sorted in order of lowest to highest total interaction energy
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[bookmark: _Toc108557650]Figure 49. Rigid body directed docking of Fd and PSI stromal subunits
Rigid body directed docking of the three models (3, 2 and 9) was performed using a modified forcefield- AMBER99; the respective FB-FFd distances (in Å) are shown in red





transfer in a continuous and diffusion-free fashion. Since we already have previously engineered Fd with TiO2 binding peptide, the site-directed mutant Fd may lead to a stronger attachment of Fd to the TiO2 based bio-hybrid solar cells (as indicated in the model shown below, Figure 50).

[bookmark: _Toc108708968]Computation approach for site-directed mutagenesis of Fd

From previously published data on rigid body directed docking of Fd binding to PSI as described by Cashman et al. (95), we used the best three models, models- 3, 2 and 9 that were generated by molecular docking using the program MOETM, version 2012 (Chemical Computing Group, Inc., Montreal, Quebec, Canada) (Figure 49). A modified AMBER99 forcefield was used to perform the rigid body directed docking with specific distance retrains as indicated in Figure 51. We generated several point mutations in Fd as well as a few in stromal subunits- PsaD and PsaE subunits of PSI by two methods. In first method, we first made the mutation in Fd prior to the site directed docking with PSI stromal subunits and then energy minimized docked models individually. In the second method, we used the 3 docked complexes and then made mutations in the docked complexes, followed by energy minimization. This allowed us to avoid any biases that may lead to different outcomes for calculation of potential interactions energies as indicated in the two tables for respective methods (Tables 8 and 9). From both the methods, the mutations highlighted in green in Tables 8 and 9 showed the most favorable interactions.

For making the point mutations, we selected Phe38 and Ser63 as the choice of site directed mutagenesis (Figure 52). Phe38 does not play much role in the 2Fe-2S cluster and instead maybe hindering with the possible interaction between Glu30 of Fd and Arg39 of PsaE (Figure 53). Reason for choosing Ser63 was that, replacing it with a larger negatively charge amino acid like Glu/Asp might help in 
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[bookmark: _Toc108557651]Figure 50. Model showing TiO2 based bio-hybrid solar cells using LSTB-1 T.e. Fd
A. (Top) Crystal structure of T.e. PSI (sea green, cyan and blue are stromal subunits- PsaD, PsaC and PsaE, respectively); (bottom left) crystal structure of WT T.e. Fd (bottom right) and TiO2 binding peptide(blue)-fused Fd (LSTB1-TeFd); 
B. PSI-WT- T.e. Fd complex attached to TiO2 surface on an ITO-glass based solar cell device, red cross indicates low affinity of Fd to bind to the TiO2;  C. PSI-LSTB1-TeFd complex attached to TiO2 with high affinity.
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[bookmark: _Toc108557652]Figure 51. Distance restraints used for each docking run:


[bookmark: _Toc108557597]Table 8. Non-bonded interaction energies (kcal/mol) calculation for Fd and PSI models docked individually. VDW E - Van der Waals energy; Elec E

	Model
	Mutations
	VDW E
	Elec E
	Total E
	FB-FFd (Å)

	Model 03
	Wild Type
	-47.48
	-340.34
	-372.23
	9.56

	
	F38A_Fd
	-37.91
	-357.8
	-372.41
	9.82

	
	F38D_Fd
	-35.05
	-335.99
	-371.04
	9.64

	
	F38E_Fd
	-41.56
	-330.17
	-354.92
	9.73

	
	F38Y_Fd
	-44.82
	-331.65
	-376.47
	9.43

	
	K104R_PsaD
	-32.81
	-307.15
	-339.96
	10.25

	
	R39K_PsaE
	-30.43
	-357.55
	-387.98
	9.54

	
	S63D_Fd
	-27.85
	-338.2
	-366.05
	9.73

	
	S63E_Fd
	-4.81
	-241.82
	-246.63
	13.87

	
	
	
	
	
	

	Model 02
	Wild Type
	-12
	-268.27
	-280.26
	10.66

	
	F38A_Fd
	-16.05
	-330.35
	-346.41
	11.03

	
	F38D_Fd
	-28.01
	-269.68
	-297.69
	11.07

	
	F38E_Fd
	-17.69
	-293.66
	-295.44
	11.49

	
	K104R_PsaD
	-23.73
	-269.79
	-277.81
	11.05

	
	R39K_PsaE
	-18.61
	-303.28
	-321.89
	11.18

	
	S63W_Fd
	-29.54
	-355.45
	-367.73
	10.43

	
	S63Y_Fd
	-21.32
	-259.31
	-265.86
	11.22

	
	S63D_Fd
	-26.16
	-417.16
	-443.31
	10.42

	
	S63E_Fd
	-30.78
	-375.86
	-391.62
	10.6

	
	
	
	
	
	

	Model 09
	Wild Type
	-30.63
	-252.7
	-283.33
	12.77

	
	F38A_Fd
	-18.52
	-232.06
	-240.3
	12.08

	
	F38D_Fd
	-26.49
	-202.9
	-218.48
	11.77

	
	F38E_Fd
	-29.4
	-205.17
	-234.57
	11.6

	
	K104R_PsaD
	-30.47
	-161.58
	-179.32
	10.03

	
	R39K_PsaE
	-30.95
	-172.34
	-203.32
	10.63

	
	S63D_Fd
	-19.81
	-260.4
	-280.21
	11.78

	
	S63E_Fd
	-23.76
	-296.63
	-320.39
	11.74





[bookmark: _Toc108557598]Table 9. Non-bonded interaction energies (kcal/mol) calculation in which previously Docked complexes used for making mutations. 

	Model
	Mutations
	VDW E
	Elec E
	Total E
	FB-FFd (Å)

	
	
	
	
	
	

	Model 03
	Wild Type
	-47.48
	-340.34
	-372.23
	9.56

	
	F38A_Fd
	-32.07
	-319.91
	-351.98
	9.64

	
	F38D_Fd
	-38.45
	-332.73
	-371.19
	9.45

	
	F38E_Fd
	-32.98
	-301.59
	-334.57
	9.76

	
	F38Y_Fd
	-38.12
	-341.72
	-379.84
	9.79

	
	K104R_PsaD
	-29.14
	-336.48
	-365.63
	9.61

	
	R39K_PsaE
	-35.18
	-335.21
	-370.38
	9.5

	
	S63D_Fd
	-33.46
	-328.69
	-362.152
	9.76

	
	S63E_Fd
	-30.98
	-364.24
	-395.22
	9.79

	
	
	
	
	
	

	Model 02
	Wild Type
	-12
	-268.27
	-280.26
	10.66

	
	F38A_Fd
	-12.75
	-244.1
	-256.85
	10.96

	
	F38D_Fd
	-14.92
	-258.71
	-273.63
	10.41

	
	F38E_Fd
	-8.61
	-300.61
	-309.22
	10.57

	
	K104R_PsaD
	-16.06
	-258.22
	-274.28
	10.59

	
	R39K_PsaE
	-18.12
	-264.28
	-282.4
	10.4

	
	S63W_Fd
	-22.23
	-281.04
	-303.26
	11.06

	
	S63F_Fd
	-20.45
	-243.3
	-263.75
	11.6

	
	S63D_Fd
	-16.33
	-324.47
	-340.8
	10.42

	
	S63E_Fd
	-9.95
	-262.34
	-272.28
	10.63

	
	
	
	
	
	

	Model 09
	Wild Type
	-30.63
	-252.7
	-283.33
	12.77

	
	F38A_Fd
	-28
	-207.34
	-235.33
	12.48

	
	F38D_Fd
	-27.87
	-211.06
	-238.93
	11.93

	
	F38E_Fd
	-21.55
	-222.05
	-243.6
	11.72

	
	K104R_PsaD
	-31.16
	-228.03
	-259.19
	12.17

	
	R39K_PsaE
	-32.88
	-185.66
	-218.54
	12.65

	
	S63D_Fd
	-20.53
	-313.39
	-333.92
	12.51

	
	S63E_Fd
	-33.23
	-236.87
	-270.1
	12.5
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[bookmark: _Toc108557653]Figure 52. Selection of point mutation in Fd for enhanced binding interaction with PSI stromal subunits
The model shows the placement of residues Phe 38 and Ser63 (shown in ball-and-stick models), that were chosen for generating point mutations of Fd for enhanced binding capability. The model shows their relative position with respect to the PSI stromal subunits (PsaD in magenta and PsaE in cyan) The 4Fe-4S clusters of PsaC (orange) and the 2Fe-2S cluster of Fd are represented as stick models.
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[bookmark: _Toc108557654]Figure 53. 2Fe-2S cluster interaction map in Fd (PetF1 of T.e. BP-1)
The interaction map generated using MOE for the 2Fe-2S cluster of T.e. BP-1 Fd shows the key residues associated and involved in stabilizing the cluster. The residue Phe38 doesn’t directly play a role in stabilizing the cluster and hence was chosen for generating site directed mutant, F38A and F38W. 




the interaction with the positively charged amino acid residues in the “frustrated region” of PsaD facing Ser63 of Fd in the docked complex. 

Both of the residues, Phe38 and Ser63, are not assigned important for binding with PSI in any previously published literature and the docking data suggests that these point mutations can potentially have more favorable interaction with PSI. This allowed us to explore their potential in generating a lot of potentially higher binding affinity Fd mutants. 
[bookmark: _Toc108708969]Primer design

The primers used for generating the single and double Fd mutants were designed and purchased from Integrated DNA Technologies, Inc. (See Appendix). 

[bookmark: _Toc108708970]Site directed mutagenesis of LSTB-1 Fd

The site directed mutation was performed polymerase chain reaction (PCR) to generate the following mutations in Fd:

Single mutants: 	F38A, F38W, S63D, S63E, S63W
Double mutants: 	combination of F38(A/W) and S63(D/E/W) 

The Phusion High-Fidelity PCR Master Mix with HF Buffer (Catalog number: F531L, Thermo Fischer ScientificTM) was used for site-directed mutagenesis PCR. The reaction was set up according to Table 10 and Table 11. The PCR products were sent for Sanger sequencing at the UT Genomic Core facility to confirm successful mutagenesis (Figure 54). After confirmation, the double mutants were generated by sequential PCR on single mutants. The double mutants were generated by sequential PCR on single mutants. The plasmids (single and double Fd mutants) were respectively transformed to E. coli CG10 competent cells, colony screened for protein expression and purified as described previously. 

[bookmark: _Toc108557599]Table 10. PCR reaction recipe

	Component
	Volume (in µL)

	H2O
	0.5

	2X Phusion Master Mix
	20

	Primer Mix (Forward and Reverse) (5 µM)
	1

	Template DNA of 100 ng/µL
	1.5

	Total reaction volume
	23





[bookmark: _Toc108557600]Table 11. Site directed mutagenesis PCR cycling conditions

	Cycle step
	Temperature (°C)
	Reaction time (s)
	Cycles

	Initial denaturation
	94
	300
	1

	Denaturation
	94
	30
	20 for single mutant and 19 for double mutants

	Annealing
	55 for single mutants, 61 for double mutants
	30
	

	Extension
	72
	90
	

	Final extension
	72
	300
	1

	Storage
	4
	HOLD
	1
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[bookmark: _Toc108557655]Figure 54. Sequencing data confirming the site-directed mutation generation.


[bookmark: _Toc108708971]Difference spectroscopy for redox potential analysis

Fd is an iron-sulfur cluster (2Fe-2S) (also referred as FFd center) containing protein which plays the major role in accepting the excited electrons from the 4Fe-4S center (Fb) of PsaC stromal subunit of PSI. To characterize the redox state of Fd and confirm the presence of Fd in its holoprotein form, a simple biochemical assay was performed using a split cuvette. Potassium ferricyanide (FCN) was used as an oxidizing agent while sodium dithionite (DTN) was used as a reducing agent. On one side of the split cuvette, 10 mM of FCN was added to Fd solution in 0.1X PBS buffer. On the other end of the split cuvette, the Fd was incubated with 10 mM of DTN. The difference spectrum was measured in a wavelength range of 300-600 nm. For ferredoxin, the difference spectrum gives a characteristic peak at 420nm (329). Both WT and LSTB1-Fd showed similar spectrum as well as the three S63 mutants (S63D, S63E and S63W) showed WT pattern in their difference spectrum, thus suggesting that the FFd center is conserved in the mutants (Figure 55). Similarly all of the single and double mutants of Fd were characterized.
[bookmark: _Toc108708972]Chemical Crosslinking of Fd and PSI

To analyze the binding affinity of the two proteins, Fd and PSI, the most popular biochemical method for in vitro detection is chemical crosslinking. Here we used a zero-length chemical cross-linker, EDC ((1-ethyl-3-[3-dimethylaminopropyl]-carbodiimide hydrochloride) which is a carbodiimide that can crosslink any two proteins with free carboxyl- and amine- group. 

PSI and Fd (both WT and LSTB1-Fd) were incubated in the molar ratio of 1:10 for 30 min in ice followed by addition of 5 mM EDC and 20 mM N-hydroxy-succinimide  (NHS). The crosslinking reaction was allowed for 1s and 5s in room temperature and the process was terminated by immediately adding 10 mM glycine. The entire process was conducted in the dark. Successful crosslinking products were run in a 15% Tris-glycine SDS-PAGE and then analyzed by western blotting using anti- 
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[bookmark: _Toc108557656]Figure 55. Difference spectroscopy for redox potential analysis
A. Split cuvettes: 10 mM potassium ferricyanide (FCN) is used as the oxidizing agent and 10mM sodium dithionite (DTN) is used as the reducing agent. Here, the buffer used is 0.1X PBS and all Fd proteins are in the concentration of 1 mg/ml; 
B. Difference spectrograph of WT and LSTB1-TeFd shows a peak at 420nm with a characteristic shoulder on the left; C. Similar characteristic peak is observed for the three mutants of LSTB1-TeFd (S63D in green, S63E in red and S63W in yellow).


PsaC, anti-PsaD, anti-PsaE and anti-Fd rabbit polyclonal antibodies (Pocono Rabbit Farm, Canadensis, PA) with a dilution of 1:30,000, 1:30,000 and 1:10,000, respectively. A goat anti-rabbit IgG secondary antibody conjugated with horseradish peroxidase (HRP) (Invitrogen) was used as the secondary antibody with a dilution of 1:50,000 and the signal detection was obtained by incubating the immunoblot with Clarity Western ECL substrate (peroxide and Luminol) (Bio-Rad Laboratories). Positive results were obtained for the three stromal subunits, but unfortunately anti-Fd was found to be non-specifically binding to the blot. This problem was resolved by re-purifying anti-Fd antibody using Fd conjugated with CNBr-activated Sepharose column chromatography. The blots are shown in Figure 56. The observed molecular weight was analyzed and compared to the predicted molecular weights as shown in Figure 57. From the cross-linking immunoblots, it is evident that Fd, in both WT and LSTB-1 form, can majorly bind to both PsaD and PsaE, but shows no binding with PsaC subunit of PSI. It is known that the PSI mostly interacts with PsaE (330) but since the binding site is still not clear, it is not definite that it only binds to PsaD or PsaE or both. From our rigid body directed docking data and the frustratometer analysis, both PsaD and PsaE have regions of high frustration which coincides with the two prominent frustrated regions of Fd, and this implies the affinity of Fd to PSI is inclined to PsaD and PsaE. This also suggests that the interaction is transient and not strong to any one stromal subunit of PSI.
[bookmark: _Toc108708973]Chemical crosslinking of mutant Fd and PSI

The five single mutants- S63D, S63E, S63W, F38A and F38W where chemically crosslinked to PSI using EDC by the same method described in the previous section. The immunoblots suggested that all Fd mutants showed increased higher molecular weight bands corresponding to stronger binding affinity to PSI as compared to the WT-LSTB-1 Fd. The immunoblots probed against PsaE antibody suggests that the mutants F38A and F38W form crosslinked products with PsaE, 
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[bookmark: _Toc108557657]Figure 56 Immunoblot of the crosslinked proteins (WT and WT-LSTB-1 Fd with PSI). 
The three blots were probed with anti-PsaD (top), anti-PsaE (middle) and anti-PsaC (bottom) rabbit polyclonal antibodies. Based on immunodetection and relative molecular weight markers, the different crosslinked species were identified. The molecular weight of PsaD, PsaE, PsaC, WT- T.e. Fd and LSTB1-Fd are 15.4 kDa, 8.12 kDa, 8.8 kDa, 10.9 kDa and 12 kDa, respectively. 
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[bookmark: _Toc108557658]Figure 57. Molecular weight estimation of crosslinked products


PsaD and both PsaE & PsaD (Figure 58). In all the mutants, the chemical crosslinking analysis suggest that they all have a higher potential of binding to PSI as compared to the WT. As probed against antibody PsaD, none of the mutants form any cross-linking product suggesting that they specifically bind to PsaE subunit of PSI. This data coincides with the computational data on rigid body directed docking and confirms that the Ser63 and Phe38 mutants have a potential for higher binding affinity to PSI.
[bookmark: _Toc108708974]Molecular Dynamics Simulations 

Molecular dynamic (MD) simulations were performed in collaboration with Dr. Derek Cashman at Tennessee Tech University, Cookeville TN. The rigid body directed docked model of Fd and stromal subunits of PSI using MOE as described in previous section following parameters from previously published work by Cashman et al (95). A modified AMBER99 forcefield was used for the simulations performed using ClusPro (http://cluspro.bu.edu) for a total time of 20.5 ns. Figure 59 shows a snapshot of the simulation performed on a single mutant of Fd- S63D which highlights the position of S63D with respect to the rest of the Fd-PSI co-complex. 

A closer look at this mutant reveals that the S63D mutation as well as double mutant S63D-F38A made in Fd puts the Asp of S63D in close proximity to two Arg residues of PsaC, as well as a third arginine in PsaD (Arg73). Asp63 appears to get further away from PsaC Arg52, but closer to PsaD Arg18, up to about 16 ns, then diverges. At 15-16 ns, the two residues are certainly within salt bridge distance. PsaD Arg73 also comes closer to about 6-8Å from Asp63 as well not to far from salt bridge distances. There are also a number of salt bridges in other parts of Fd with both PsaC and PsaD that are maintained throughout the simulation, especially in relation to the two frustrated ends of Fd with the Asp and Glu residues. Figure 60 shows the respective salt bridge distances between the new interactions described above as well as the root mean square deviation 
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[bookmark: _Toc108557659]Figure 58. Immunoblots of the crosslinked proteins of mutant LSTB-1 Fd with PSI. 
The respective blots were probed with anti-Fd (top left) PsaD (top right), anti-PsaE (bottom left) and anti-PsaC (bottom right). Based on immunodetection and relative molecular weight markers, the different crosslinked species were identified.
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[bookmark: _Toc108557660]Figure 59. Snapshot of 20.5 ns simulation of S63D-F38A Fd mutant 
This wire representation of the docked PSI-Fd complex shows a snapshot of one of the frames of 20.5 ns MD simulation. The S63D residue is highlighted in yellow located in the junction of Fd and stromal subunit of PSI- PsaD. PsaD is shown in green, PsaC is shown is cyan, PsaE is shown in olive green and Fd is shown in red. 
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[bookmark: _Toc108557661]Figure 60. Data analysis of 20.5 ns MD simulation of S63D-F38A Fd double mutant and PSI docked complex. 
The top left plot shows the RMSD versus time (in ns) curve. Bottom left plot indicates the distance stability of FES cluster (FFd or 2Fe-2S cluster of Fd) versus  SF4 cluster (FB or 4Fe-4S cluster of PsaC) over the MD simulation timeframe for 20.5 ns. Top right plot shows the salt bridge distance between Asp63 of Fd and Arg52 of PsaD over the time of 20.5 ns. The bottom right plot shows the salt bridge distance between Asp63 of Fd  with respect to Arg18 of PsaD (red) and Arg52 of PsaC (green) over the time of 20.5 ns.



(RMSD) versus time plots for this simulations. The RMSD stabilizes at around 3 from about 3 to 20.5 ns. A longer timescale simulation may suggest further stability of these interactions. 
[bookmark: _Toc108708975]Method development of in vitro tracking of PSI-Fd interactions using JTS-100 spectrometry

Another approach that we have investigated is to develop a new method to track PSI-Fd interaction in vitro using a Joliot Type Spectrometer, JTS-100 (BioLogic, Grenoble). JTS-100 has the capacity to reveal fast oxidation and reduction kinetics through absorbance measurements, in all the visible and infra-red wavelength ranges, without restrictions. The time resolution of the method can vary from 10μs to several seconds to even minutes. Figure 61 shows the schematic representation of JTS 100 assembly and filter placements and sample location. We have used a Dynasil 580nm interference filter that provides narrower optical window with 3X % transmittance and eliminates any absorbance change (ΔAbs) from PSI as compared to traditionally used interference filter combination for cyanobacteria (BG-39 and 520 nm filters) (Figure 62) thereby ensuring that the ΔAbs in Fd titration with PSI is solely a contribution of the concentration of Fd (see the redox difference spectrum of PSI and Fd in Figure 63). 

Purified PSI was chemically pre-reduced with molar excess of reducing agents- DCPIP and ascorbic acid in anaerobic condition in the dark. Pre-reduced PSI is passed through a PD-10 desalting column to get rid of excess reductants. Pre-reduced PSI is incubated with Fd with different concentration in a sealed gas-tight cuvette and transferred out from the anaerobic chamber where the ΔAbs is measured over time in JTS 100 as described in further details in the next section.  
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[bookmark: _Toc108557662]Figure 61. Schematic representation of JTS-100 apparatus. 
There are 3 Dynasil 580 nm interference fitters, one located after the Detection Port, one before the Reference Port and one after the Sample port. 
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[bookmark: _Toc108557663]Figure 62. Optical Characterization and Filter Selection
% Transmittance of the traditionally used interference filter combination of BG-39 and 520 nm filters in green as compared to that of Dynasil 580 nm interference filter (orange). 
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[bookmark: _Toc108557664]Figure 63. Redox difference spectrum of T.e. BP-1 PSI and Fd




[bookmark: _Toc108708976]Anaerobic Reduction and Desalting of PSI 

Trimeric PSI from T.e. BP-1 was chemically pre-reduced prior to use in the affinity assay. Purified PSI at a 1.0 mg/mL concentration in 20 mM MES, pH 6.4, 10 mM CaCl2, 10 mM MgCl2 and 0.03% β-DDM was incubated with 10 mM 2,6-dichlorophenolindophenol (DCPIP) and 100 mM sodium ascorbate to obtain an approximately 100-fold excess of PSI monomer. This was incubated in the dark at room temperature  for 1-3h in an anaerobic chamber under a reducing atmosphere of 95% N2 and 5% H2 gas. The pre-reduced PSI was then passed through a PD-10 size exclusion desalting column to remove the chemical reductants. PD-10 columns were first tested with a control experiment using Bromophenol Blue dye with and without PSI. The sample before and after the column chromatography were analyzed by measuring absorbance using UV-spectrophotometer (Figure 64). This control experiments confirmed that post PD-10 column chromatography, the PSI sample was fully recovered with slight dilution and no dye was retained in post PD-10 column chromatography.

Similarly the chemically pre-reduced sample was collected post PD-10 chromatography and a small sample was collected and analyzed for measuring Chl a concentration to account for any dilution that may have occurred by the column. The pre-reduced PSI was either used immediately for binding assay with Fd at different concentrations or aliquoted in gas tight glass vials, double wrapped with parafilm and aluminum foil, transferred in a secondary storage which was similarly foil wrapped to avoid photo-oxidation and stored at -80°C. The stored pre-reduced PSI were only used not more than one week. 
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[bookmark: _Toc108557665]Figure 64. Absorption spectrum of PSI with Bromophenol Blue before and after PD10 desalting column chromatography 


[bookmark: _Toc108708977]JTS-100 Pulse Sequence, Data Collection and Analysis

The following sequence was programmed into the JTS-100 for the affinity assay: 

25(100msD10ms)G[50000uA]T[500us,30,100ms,H20usD1usG(50000uA)]H20us[2ms,200,10000ms,D]

Where, 	G[  ]-H Actinic ON-OFF; 
D Detection flash led and sampling;
T Time Zero.

A baseline of 25 points established over 100 ms with detection flash every 10 ms was taken prior to turning on the actinic light. This is termed as the dark detection (Figure 65). At T=0s the 630 nM actinic was turned on to a strength of 50,000 µAmp and was left on for the entire measurement period to ensure full photoactivation of the pre-reduced PSI present in solution. Thirty data points were collected from 500 µs to 100 ms using the geometric clock function built into the JTS-100 Photo-Kine software. The tail end of the spectrum after 100 ms upon photoexcitation until 10 s is the recovery phase where P700 undergoes back reaction and re-reduced by DCPIP in the solution. The same sample can be measured multiple times with a dark incubation of 3-5 min between the iterations (or technical replicates). We collected and analyzed 5 iterations per sample in all of the titration series. A typical would include pre-reduced PSI at 25 nM, 5 mM sodium ascorbate and 5 mM of DCPIP (optimization in next section) for continued electron donation to PSI, and Fd was titrated in with buffer volume varying to bring the reaction to 500 µL. The sequence of addition was- buffer, DCPIP, sodium ascorbate, PSI and Fd.  The samples were mixed properly inside the anaerobic chamber in dark (green light was used to visualize all the steps and to avoid photooxidation of PSI), transferred to gas tight sealed cuvettes and taken out of the anaerobic chamber to measure the absorbance in JTS-100. Once data was 
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[bookmark: _Toc108557666]Figure 65. Schematic representation of data acquisition in JTS100.
The first 100 msec the nodes dark detection where the sample is in dark, and the data points are measured in that time frame. A high intensity actinic light of 50,000 mA is used to photoexcite PSI which leads to the reduction of FD, this is measured over 100 msec timeframe. This follows a recovery phase in dark over 10 seconds




collected, the traces were baseline corrected in Photo-Kine software and the buffer blank (no Fd present) was subtracted from each trace. The data was then exported and fit by a non-linear fit with one-phase exponential decay model using GraphPad Prism 9. The plateau value obtained from fitting each iteration was then plotted against log[Fd] concentration, and the resultant curves were fit using the sigmoidal dose-response variable slope model in GraphPad Prism 9. The average plateau values of all 5 iterations were plotted to obtain the sigmoidal curve. The resultant analysis of the sigmoidal fitting was used to report EC50 values with standard deviations for 5 individual technical replicates for all of the titrations.
[bookmark: _Toc108708978]Results:

[bookmark: _Toc108708979]DCPIP concentration optimization

The concentration of DCPIP was optimized for the reaction since the absorption maxima of DCPIP (approximately 600 nm) is very close to that of Chl a  absorption maxima (642 nm in the red region). Higher concentration of DCPIP may interfere with the spectral properties of PSI and to avoid that, we tested multiple concentration of DCPIP (0, 1, 5 and 25 mM). We incubated 25 nM PSI with 3 different Fd concentrations for this titration assay, from low 10 nM Fd, 80 nM Fd (approximately 1 Fd per PSI monomer) and a very high 2000 nM Fd (Figure 66A, Figure 66B and Figure 67C respectively). We observed that 5 mM DCPIP was the best concentration to perform further Fd and mutant Fd titrations which had the least signal to noise ratio as well as was consistent in all 5 different iterations (or technical replicates).

[bookmark: _Toc108708980]WT T.e. Fd titration

With increasing concentration of Fd, the absorbance upon photoexcitation of PSI becomes increasingly negative. This indicates that the photoexcitation of PSI leads 
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[bookmark: _Toc108557667]Figure 66. DCPIP optimization for PSI-Fd reduction assay using JTS-100 spectrometry
A (10 nM Fd), B (80 nM Fd), C (2000 nM Fd) (next page, Figure 67). Each black bordered box labeled -0, 1, 5 and 25 mM DCPIP have two curves, the one on left indicated the spectrum from the 0-100 ms upon photoexcitation while the one on right indicates the recovery phase from 100-2000 ms.
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[bookmark: _Toc108557668]Figure 67. (Figure 65 continued). DCPIP optimization for PSI-Fd reduction assay using JTS-100 spectrometry
C (2000 nM Fd). Each black bordered box labeled -0, 1, 5 and 25 mM DCPIP have two curves, the one on left indicated the spectrum from the 0-100 ms upon photoexcitation while the one on right indicates the recovery phase from 100-2000 ms.



to reduction of Fd is concentration dependent. However, both lower and higher molar excess of Fd reaches saturation in WT Fd as well as mutant Fds. The plateau value of each curve in the titration series are plotted against log concentration of Fd that provides a sigmoidal curve indicating a saturation on both low concentration and high concentration Fd. We were able to calculate EC50 of Fd upon PSI reduction of WT Fd (Figure 68) with residual plot shown in Figure 69. A high affinity mutant Fd would indicate a shift to the left of the curve while a lower affinity Fd as compared to WT would indicate a right shift in the curve. In other words, a high affinity Fd would have a lower EC50 value whereas a low affinity Fd mutant would have a higher EC50 value as compared to the.

[bookmark: _Toc108708981]Mutant T.e. Fd titration

Upon rigorous optimization and finalizing the method development mentioned in the previous section, we were able to test all of the single mutant Fds- S63D, S63E, S63W, F38A and F38W as well as three of the double point mutants- S63E-F38A, S63D-F38W and S63D-F38A. The plot indicating log Fd concentration versus the plateau values are shown in Figure 70. The mean EC50 of 5 technical replicates for all of the mutants tested were calculated in Table 12. The results indicate that all of the Ser63 mutants have shown a left shifted curve as compared to the wild type and the Phe38 mutant shows even greater left shifted curve as compared to the rest of the mutants as well as the wild type LSTB-1 Fd. 

The mean EC50 values shown in Table 12 and Figure 71 indicate that the wild type LSTB-1 Fd has an EC50 value of 152.69 ± 13.06 nM. All of the Ser63 single mutants S63D, S63E and S63W have an EC50 value of 69.06 ± 3.96 nM, 70.51 ± 1.97 nM and 81.77 ± 5.04 nM, respectively indicating lower EC50 values as compared to the wild type LSTB-1 Fd. On the other hand, of the two Phe38 single mutants, F38A has an EC50 value of 54.32 ± 4.22 nM indicating a greater binding 
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[bookmark: _Toc108557669]Figure 68. Data analysis of WT Fd titration for PSI reduction using JTS-100 spectrometry
A. The raw data obtained from the JTS Photo-Kine software is shown here for a time of T=0 (photoexcitation) to 10000 ms. The each individual curves are associated with a series of Fd concentrations from 10-2000 nM Fd, they are baseline corrected, averaged and blank (buffer) subtracted. B. The first 100 ms (as marked with a red box in A) is shown in this absorbance plot and the fit is obtained by non-linear fit with one-phase exponential decay model using GraphPad Prism 9. C. This plot shows the recovery phase from 100 to 2000 ms and the fit is obtained by non-linear fit with two-phase exponential decay model using GraphPad Prism. D. The plateau values obtained in B versus the log concentration of Fd in nM is plotted here and the fit is obtained by a non-linear fit with sigmoidal dose-response variable slope model in GraphPad Prism 9.
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[bookmark: _Toc108557670]Figure 69. Residual plot for the data shown in Figure 67A.
The color legend associated with the residual plot is same as that of Figure 58.
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[bookmark: _Toc108557671]Figure 70. Mutant LSTB-1 Fd titration for PSI reduction using JTS-100 spectrometry
The plateau values obtained by extrapolating the raw data from titration series done in JTS-100 versus the log concentration of Fd in nM is plotted here and the fit is obtained by a non-linear fit with sigmoidal dose-response variable slope model in GraphPad Prism 9.




[bookmark: _Toc108557601]Table 12. Mean EC50 of mutant Fds assayed by JTS-100 spectrometry
	Ferredoxin
	Mean EC50
	Std Dev

	LSTB-1 WT
	152.69
	13.06

	S63D
	69.06
	3.96

	S63E
	70.51
	1.97

	S63W
	81.77
	5.04

	F38A
	54.32
	4.22

	F38W
	256.96
	6.62

	S63E-F38A
	233.57
	5.72

	S63D-F38W
	273.30
	11.76

	S63D-F38A
	90.39
	10.39
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[bookmark: _Toc108557672]Figure 71. EC50 of mutant Fds assayed by JTS-100 spectrometry
The mean EC50 (in nM) of LSTB-1 WT Fd and mutants are shown here with error bars indicating the standard deviation (Std Dev, see the above table 13).


affinity to PSI much lower than the wild type and all other single- and double-point mutants. The second Phe38 mutant, F38W has a much greater EC50 value of 256.96 ± 6.62 nM indicating the binding interaction to be much poorer than the wild type. The double mutants that were tested are S63E-F38A, S63D-F38W and S63D-F38A. Of these only S63D-F38A have proved to have lower EC50 value of 90.39 ± 10.39 nM thus higher binding affinity to PSI as compared to the wild type. This suggests an additive effect of the two-point mutations but doesn’t increase the binding affinity as favorable as the individual single mutants. 

The other two double mutants didn’t perform as well suggesting a negative effect on binding affinity. It would be interesting to see their performance when incorporated into the bio hybrid solar cell device along with PSI and compare that to wildtype Fd. We expect that these mutants may be able to increase efficiency of electron transfer to the titanium dioxide electrode.

[bookmark: _Toc108708982]Use of JTS-100 spectrometry to compare PSI trimers stored for long term in -80°C freezer versus freshy purified PSI trimer.

Coincidently, we were also able to assess the viability of old stocks of trimeric PSI of Synechocystis PCC6803 as compared to that of the freshly purified protein following the modified protocol explained in greater detail in previous section. SDS-PAGE gel and the corresponding immunoblots indicate the older stock of PCC6803 PSI trimers have degraded subunits and a clear loss of PsaC, PsaD and PsaE stromal subunits required for the interaction with Fd (Figure 72). We compared this with PSI trimer of T.e. BP-1 and found that the older PSI trimer isolated in 2016 did not lose any stromal subunits or got degraded as compared to the freshly purified PSI in 2019. This suggests that thermophilic PSI trimers can be stored for longer term due to its thermostability whereas the mesophilic PSI trimers should be purified freshly for any experimental assays like the JTS-100 spectrometry for PSI reduction of Fd. 
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[bookmark: _Toc108557673]Figure 72. SDS-PAGE and immunoblot showing loss of stromal subunits in old PCC6803 PSI trimer
A tris tricine (4-21% resolution) SDS-PAGE gel (left) shows the degradation and loss of PSI subunits with multiple bands in the lower half of the gel. The three immunoblots probed against PsaC, PsaD and PsaE antibodies (right) show the loss of PsaC, PsaD and PsaE in older PSI trimer from PCC6803.


We performed the titration series of wild type Fd as described in the previous section with the old and new PSI trimers of PCC6803. The normalized Plateau versus log concentration of Fd indicate that the Hill slope for the older PCC6803 PSI trimer is -0.736 as compared to that of freshly purified PCC6803 PSI trimer with a Hill slope of -3.358 (Figure 73). The higher negative value of Hill slope can be inferred as higher degree of cooperativity. Thus, we were able to conclude that older PSI trimer of PCC6803 have lower degree of cooperativity than the fresh PSI trimer for Fd most certainly due to the loss and degradation of several PSI subunits more specifically the PSI stromal subunits- PsaC, PsaD and PsaE which play a critical role and are necessary to bind with Fd for electron transfer.
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[bookmark: _Toc108557674]Figure 73. Normalized plateau versus log Fd concentration plot of old and new PCC6803 PSI trimer 
The plot shows the normalized plateau value (-20 to 120) versus log Fd concentration in nM of Fd titration for PSI reduction of Fd using JTS-100 spectrometry. The Hill slopes are indicated in the box below the plot.


[bookmark: _Toc108708983]CONCLUSIONS

Photosynthesis happens in the specialized membrane system called the thylakoid membrane in phototrophic organism like cyanobacteria or in specialized organelle, chloroplast in plants and algae. The most crucial steps in oxygenic photosynthesis, which maintains our biosphere and thus life on Earth, is the light-driven charge separation catalyzed by Photosystems: PSI and PSII.  

PSII splits water to evolve molecular oxygen and protons upon photoexcitation by sunlight, which leads to transfer of electron to a plastoquinone pool within the membrane that donates electron to cytochrome b6f complex, which is a proton pump, pumping protons in the lumen of the thylakoid membrane. The electron is transferred via a soluble electron carrier cytochrome c to PSI. This upon photo excitation leads to transfer of electron to another soluble carrier protein, Fd that subsequently reduces FNR to catalyze production of NADPH. Both these molecules and ATPH and ATP synthesized by ATP-synthase using the PMF generated in the lumen become the sole energy source for reducing CO2 in the Calvin-Benson-Basham-cycle. Fd not only just electron to FNR, but also a plethora of other cellular metabolic reactions It is a central hub for cellular metabolism in phototrophic organisms and their presence is also indispensable in animals and other living organisms. 

Until 2013, all cyanobacterial PSI were believed to exist in trimeric homo-oligomer. Except until the first tetrameric PSI was discovered in the cyanobacterium Chroococcidiopsis from the Pleurocapsalean family. The organism was first characterized by Waterbury and Stainer in 1978,  with the ability to undergo binary fission in three planes; often forming “cuboid” multicellular colonies; These cyanobacteria reproduce via the release of motile or nonmotile baeocytes; characterized by distinct cellular ultrastructure: pericentric thylakoids, cytoplasmic membrane, peptidoglycan layer, outer membrane, extensive outer fibrous layer and variable capsule/sheath (212). Chapter Two highlights the first cryo-EM structure of tetrameric PSI from the thermophilic cyanobacteria Chroococcidiopsis TS-821. We were able to investigate the dimer-dimer interface and compare that to other recently published tetrameric PSI from Nostoc. We speculate that the dimer-tetramer transition may be an “easy” photoprotective response to high light exposures. The tetrameric form is larger and sterically capable of binding to allophycocyanin (APC) and/or phycocyanin (PC) rods. They are known to also contains a larger, novel PsaD sequence. The dimer-tetramer transition is correlated with the carotenoid accumulation & expression of a primitive, soluble carotenoid binding protein(s). The intrinsic curvature of the PSI tetramer may result in altered thylakoid shapes in cyanobacteria. The evolutionary significance of tetrameric PSI in more cyanobacteria may elucidate the origin of plant and algae PSI which are typically monomeric and associated with light harvesting complexes.

In order to incorporate the reaction center into a model biohybrid solar cell device that not only avoid use of rare earth elements like Ruthenium but also use a naturally occurring electron transfer reaction which in vivo-has an internal quantum efficiency of 100%, meaning one photon generates transfer of 1 electron in near unity. However, taking this complex out of the cell leads to loss of this quantum efficiency to less than 2-10% when incorporated into the device as studied by several other groups across the globe. This thesis work primarily focused on engineering this binding interface to enhance the binding efficiency and thereby allowing a continuous and stable electron flow. We used the PSI and Fd from a thermophilic cyanobacteria, Thermosynechococcus elongatus BP-1 that provides us with a highly thermostable reaction center to make our BHSC device.

Chapter Three highlighted our work in collaboration with this the Fromme group to address these questions and performed time resolved-serial femtosecond crystallography (TR-SFX) which requires an X-ray free electron laser. We were successful in optimizing and making trimeric PSI-Fd co-crystals although future beamtimes are needed for analyzing the samples for larger datasets to obtains a molecular movie of Fd docking to PSI, electron transfer and undocking of Fd from PSI upon accepting electron.

The major challenge is the lack of understanding of the binding surface between these proteins and the electron transfer events that occur in microseconds. We do not have a crystal structure yet that shows how this transfer event occurs because of the difficulties in making the co-crystals and maintaining the stability. Understanding the highly conserved molecular mechanisms for dynamics of the electron transfer from PSI to Fd following the Fd undocking will be broadly applicable across all phototrophic organisms and serve as a model for inter-protein electron transfer. 

Previous research in the Bruce laboratory have indicated Fd interacts with the stromal subunits of PSI (PsaC, PsaD and PsaE) in possibly three different conformations of which two of them have Fd in a nearly 180° rotation. These conformations consistently show the presence of highly ‘frustrated’ regions that are involved in there binding, although the interaction is not as tight to remain as a complex due to its the biological significance being limited to shuttling of reduced Fd from PSI to FNR and other metabolic partners discussed in Chapter One. 

For the purpose of building a BHSCs with PSI as the dye sensitizer, in Chapter Four, we were able to obtain a modified Fd with a TiO2 binding peptide, LSTB1-Fd, that can attach Fd in vitro to the TiO2 nanoparticles. We have computationally generated single (S63D/E/W and F38A/W) and double mutants (combination of both) of LSTB1-Fd and have shown enhanced binding interaction of a large number of these mutants with PSI by both computational approach (rigid body-directed docking and molecular dynamic simulation), biochemical in vitro chemical crosslinking assay and a novel spectral analysis method using JTS-100. These mutants can potentially lead to an enhanced or ‘sticky’ interaction with PSI.

[bookmark: _Toc108708984]FUTURE DIRECTIONS

MD simulations of all of the assayed single and double mutants of Fd complexed with PSI would provide insights on the specific gain of new binding interactions as well as loss of interactions. It will also provide a better understanding of the data from rigid body directed docking, chemical crosslinking assay and most importantly the Fd mutants’ titrations using JTS-100. 

Further characterization of the binding efficiency can be performed using techniques like surface plasmon resonance which will allow to calculate the association and dissociation constants of the mutant Fds. Back-scattering interferometry can also be performed to characterize these mutants for their enhanced binding efficiency, where the method allows free-solution, label free detection of the interaction of molecules in a micro-chip format with zeptomole sensitivity. 

One of the major goals is to incorporate these increased binding efficient Fd mutants into the model BHSC devices. Now that we have investigated on generating high affinity Fds with LSTB-1 linker, this would be a great segue for a future graduate student to investigate these mutant Fds and their efficiency in the solar cell devices.

The follow up investigation of the cryo-EM of tetrameric PSI of Chroococcidiopsis TS-821 involves the investigation of PSI dimer by itself. The formation of tetrameric PSI is associated with highlight growth condition of this thermophilic cyanobacteria. High-light results in increased production of carotenoids that are associated with PS1 and other thylakoid membrane proteins. Upon chemically inducing a dissociation of tetramer into dimer, a large amount of carotenoid are released that indicates the presence of carotenoids in the dimer-dimer interface and the cavity between the tetramer PSI. This large amount of carotenoid presents maybe associated with providing photoprotection in highlight stress and can be investigated by structural analysis of the dimer PSI by using cryo-EM. This would provide greater insight on the differences in the composition of carotenoids in the dimer PSI as compared to the tetrameric PSI.
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SOC media

	Concentration
	Component

	2%
	Tryptone

	0.50%
	Yeast Extract

	10 mM 
	NaCl

	2.5 mM
	KCl

	10 mM 
	MgCl2

	10 mM 
	MgSO4

	20 mM
	Glucose



Luria-Bertani (LB) agar (for 1L)

	Concentration
	Component

	10 g
	Peptone/tryptone

	5 g
	Yeast extract

	5 g
	NaCl

	1.50%
	Agar (for LB agar plates)






Auto Inducing Media

A. Non-inducing minimal medium 

	Components
	For 10 mL
	Unit
	For 1000 mL
	Unit

	H2O
	9.353
	mL
	935.3
	mL

	1M MgSO4
	20
	μL
	2
	mL

	1000x metals**
	2
	μL
	200
	μL

	40% Glucose
	125
	μL
	12.5
	mL

	25% Aspartate
	100
	μL
	10
	mL

	25xM**
	400
	μL
	40
	mL

	Total=
	10
	mL
	1000
	mL



B. MD-5052 auto inducing minimal medium 

	
	For 10 mL
	Unit
	For 1000 mL
	Unit

	H2O
	9.28
	mL
	928
	mL

	1M MgSO4
	20
	μL
	2
	ml

	1000x metals**
	2
	μl
	200
	μL

	50x 5052**
	200
	μL
	20
	mL

	25% Aspartate
	100
	μL
	10
	mL

	25xM**
	400
	μL
	40
	mL

	Total=
	10
	mL
	1000
	mL



**1000X metals, 50X 5052 and 25XM are described in the protocol by Studier (295).



G0: 500 mL

[5 mM MES pH 6.4, 0.02% β-DDM]

450 mL		Nanopure water
6.25 mL		400mM MES
*1 mL			10% β-DDM
Fill to volume

G100: 500 mL

[5 mM MES pH 6.4, 100 mM MgSO4, 0.02% β-DDM]

400 mL		Nanopure water
50 mL			1M MgSO4
6.25 mL		400mM MES
*1mL			10% β-DDM
Fill to volume
(GN: N= “N” mM MgSO4)
*Add later!


125x BG-11

	
	
	
	
	For 8 L (in g)

	Sodium Nitrate (NaNO3)
	1500
	

	Magnesium Sulfate Heptahydrate (MgSO4⦁7H2O)
	75
	

	Calcium Chloride Dihydrate (CaCl2 ⦁ 2H2O)
	36
	

	Citric acid
	6
	

	Disodium EDTA
	1
	

	Stock 4: 1000x A5 trace metal solution (in mL)
	1000 mL

	
	

	Stock 1
	1000x Carbonate (1 L total volume):

	Sodium Carbonate (Na2CO3)
	20 g

	Stock 2
	1000x Ferric ammonium citrate (1 L total volume):

	Ferric ammonium citrate
(Brown only, not green)
	6 g

	Stock 3
	1000x Phosphate (1 L total volume):

	Dibasic Potassium Phosphate (K2HPO4)
-or-
Dibasic Potassium Phosphate (K2HPO4  ⦁ 7H2O)
	40 g
-or-
75.5 g

	
	

	
	

	Stock 4
	1000x A5 Trace metals (1 L total volume):

	Boric acid (H3BO3)
	2.86 g

	Manganese chloride tetrahydrate (MnCl2 ⦁ 4H2O)
	1.81 g

	Zinc sulfate heptahydrate (ZnSO4 ⦁ 7H2O)
	222 mg

	Sodium molybdate dihydrate (NaMoO4 ⦁ 2H2O)
	390 mg

	Copper sulfate pentahydrate (CuSO4 ⦁ 5H2O)
	79 mg

	Cobalt nitrate hexahydrate (Co(NO3)2 ⦁ 6H2O)
	49.4 mg



Prepare final media by combining each stock to 1x in diH2O. Start with ~90% of final volume and add each stock while stirring, then adjust to final volume. If autoclaving in final culture flask, weigh before and after, then adjust by adding water while in the sterile hood.

Membrane filter all the stocks  (using a 0.22 µm filter) in respective autoclaved bottles and store them in 4°C. Sequence of addition:
1. Autoclave water (excluding the volume of stocks to be added) in the desired bottle for making the final media. 
2. Add the stocks (calculate the volume according to the nX concentration required) in the following sequence in a sterile hood: 125X BG-11 stock (Stock 4 added)--> Stock 2 --> Stock 3 --> Stock 4. 
3. Shake well between each stock addition. Warm the media to the desired temperature before inoculation.


Tris-Tricine SDS PAGE
Stock Buffers (for 1L):
	10X anode buffer 
	Reagent
	Concentration
	Amount

	
	Tris Base
	1M
	121.14 g

	
	HCl
	0.225M
	18.6 ml 

	
	 
	
	of concentrated HCl

	
	 
	pH- 8.9
	 

	
	 
	(pH with HCl)
	 

	10X cathode buffer
	Reagent
	Concentration
	Amount

	
	Tris Base
	1M
	121.14 g

	
	Tricine
	1M
	179.17 g

	
	SDS
	1.0%
	10 g

	
	 
	pH- 8.25
	(pH with HCl)

	3X gel buffer
	Reagent
	Concentration
	Amount

	
	Tris Base
	1M
	121.14 g

	
	HCl
	1M
	82.64 mL

	
	SDS
	0.3%
	3 g

	
	 
	pH- 8.45
	 (pH with HCl)



Resolving gel recipe:
	 Component
	10% Resolving 
(in mL)
	15% Resolving 
(in mL)
	20% Resolving 
(in mL)

	30% Acrylamide
	40
	60
	80

	3X Gel Buffer
	40
	40
	40

	diH2O
	40
	20
	0

	Total
	120
	120
	120



Stacking gel recipe:
	 Component
	4.8% Stacking (in mL)

	30% Acrylamide
	19.20

	3X Gel Buffer
	40

	diH2O
	60.80

	Total
	120





SDS-PAGE 4X Sample Solubilizing Buffer (SSB)

Tris-HCl: 			0.2 M
Dithiothreitol (DTT): 	0.4 M
SDS: 				277 mM, 8.0% (w/v)
Bromophenol blue: 		6 mM
Glycerol: 			4.3 M

SDS-PAGE Staining solution

0.1% (or less) Coomassie Blue R250 in 10% glacial acetic acid, 50% methanol, and 40% H2O 

SDS-PAGE Staining solution

10% glacial acetic acid, 50% methanol, and 40% H2O 

1X Phosphate Buffer Saline (PBS) solution

137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4



Modified protocol for trimeric PSI isolation from T.e. BP-1 cells

1. Preparation of buffers:
This was greatly expedited by keeping stock solutions pre-chilled a day before –

· 3M CaCl2 
· 1M MES at pH 6.4 
· 3M MgCl2
· 10% β-DDM (w/v) in autoclaved diH2O.
Using the stock solutions mentioned above, the following working solutions were prepared using autoclaved diH2O and membrane filtered using 0.22 µm Millipore filter. 
a. 1X Wash Buffer 
20 mM MES, pH 6.4
10 mM CaCl2 
10 mM MgCl2
b.  1X Lysis Buffer 
20mM MES, pH 6.4
10 mM CaCl2 
10 mM MgCl2
500 mM Sorbitol
c. 1X Lysozyme Buffer 
50 mM HEPES, pH 8.0
500 mM Sorbitol
10 mM CaCl2
10 mM MgCl2
d. 10% (w/v) Sucrose solution in 1X Wash Buffer with 0.03% β-DDM, 200 mL
e. 30% (w/v) Sucrose in 1X Wash Buffer with 0.03% β-DDM, 200 mL
f. 50% (w/v) Sucrose in 1X Wash Buffer, 50 mL

2. Prepare cells for lysis:

N.B.- If the chlorophyll content was not known then we proceeded with (2a) else started with (2b).

a. Chl a measurement 
i. Frozen cells were resuspended by vortexing in 10 mL of Wash Buffer
ii. The "slurry" was transferred to a large Dounce homogenizer rinsing the original tube with an additional 5mL of Wash buffer and continued  resuspension.
iii. Once the sample was thoroughly suspended, it was transferred into a 50 mL centrifuge tube, the homogenizer was rinsed with an additional 5mL of wash buffer and added this to the sample.
iv. The total sample volume was recorded.
v. The following step was performed in triplicate.
vi. 985μL of 90% methanol was transferred into a 1.5mL microfuge tube.
vii. 15μL of the sample was added into 985μL of 90% methanol and the sample was resuspended by vortexing.
viii. The sample was incubated in a 65°C water bath for 2 min.
ix. It was centrifuged at maximum speed (~14000 rpm) on a beach top centrifuge for 2 min.
x. The spectrophotometer was blanked at 665nm.
xi. Carefully avoiding the pellet, at least 800μL of the supernatant was removed and transferred to a 1mL cuvette for absorbance measurement.
xii. The following equation was used to calculate the Chl a concentration:

[Chl a] in mg/ml = [Absorbance665nm x 13.9]

Since all of the Chl a in the cuvette came from the original 15 μL, the [Chl a] in mg/ml of the original sample is equal to the result from the equation above divided by 15. The concentration and amount of Chl a was recorded.

b. The cell pellet was resuspended in Lysozyme Buffer as in step 2.a.i at a final concentration of (1mg Chl a)/ml.

3. Lysozyme treatment: 

· Solid lysozyme was added to a final concentration of 0.25% (w/v) and incubated in the dark at 37°C, for 45 min (at 25°C, for 1hr 15 min for PCC 6803 cells).
· The cells were centrifuged at 10,000g for 5 min, where we discarded the supernatant and resuspended the pellet to (1mg Chl a)/mL with Lysis Buffer.

4. Cell Lysis:

· The sample was passed through either French press using recommended pressure and cycles or microfluidizer (21000psi for 8-10 cycles).
· The lysed cells were centrifuged at 10000 rpm for 5 min in a preparative centrifuge.
· The dark green supernatant was collected referred to as the “thylakoid membrane fraction”.
· Pellet is the un-lysed fraction which was be discarded. 
5. Washing the membrane fraction:

1. The membrane fraction was centrifuged at 40,000 rpm spin in the Ti50.2 rotor in the ultracentrifuge for 30 min at 4°C. Tube type 16Å~76 mm polyproline tubes [maximum volume = 13.5 mL] was used. We discarded the blue/cyan supernatant. This fraction contains phycobilisomes (PBS).
2. We resuspended the pellet as in step 2.a.i with Wash Buffer to the volume determined in step 2.b. for (1mg Chl a)/mL. We used a clean paint brush for resuspension.
· The pellet was homogenized with Dounce homogenizer.
· The resuspended membrane fraction was centrifuged at 40,000 rpm for 30 min in Ti50.2 rotor
· We discarded the PBD containing supernatant.
3. The pellet was resuspended with Wash Buffer containing 1M NaBr.
· It was homogenized with Dounce homogenizer.
· The volume was raised with Wash Buffer to the original amount in step 2.b. and centrifuged at 40,000 rpm for 30 min in Ti50.2 rotor.
4. The wash step in  5.b. was repeated and then the Chl a concentration was measured as in step 2.a.

6. Solubilization of the washed membranes with β-DDM:

· We resuspended and homogenized the pellet of (5.d.) in about half the previously measured volume and then measured the [Chl a].
· We adjusted the sample to exactly (1mg Chl a)/mL with Wash Buffer.
· We then gently added β-DDM to a final concentration of 0.6% (w/v).
· This was incubated at 20°C for 30 min with gentle shaking or stirring.
It is preferred to resuspend to 1.06mg Chl a/mL and add β -DDM from a 10% w/v stock solution while gently stirring to the final [β-DDM] of 0.6%. The final [Chl a] will be 1mg/mL.



7. Pouring the sucrose density gradients:

· It is critical to make sure that the SW28 rotor tubes are clean and in good shape.
· We placed them in a rack at an angle of 45°
· We connected the following in order - gradient mixer, tubing split, neoprene pump tubing (to both channels), an additional 12" piece of tubing with male Luer lock, and a 21-gauge needle.
· The entire apparatus was cleaned with diH2O, and the pump was adjusted to a flow rate of ~4mL/min.
· A 3mL cushion of 50% sucrose was added in the bottom of the tube.
· In the gradient mixer, 8 mL of 30% sucrose solution in the front chamber and 8 mL of 10% sucrose solution in the back chamber were added respectively.
· A stir bar was placed in the front chamber and let it to stir fast enough to not create bubbles but allow proper mixing. Then the pump was started, and the gradient was loaded until all the solution is passed through.

8 . Collection of insoluble material:

· The solution obtained in step 6 was centrifuged at 40,000 rpm for 30 min in Ti50.2 rotor.
· The pellet was discarded which is the insoluble fraction.
· The supernatant was carefully collected which is the detergent solubilized membrane fraction.
· Proceed for step 9.

9 . Loading the gradient:

The appropriate amount of sample was gently layered onto each gradient without mixing the gradient. The volume should not exceed more than a total of 3 mg/mL Chl a of the solubilized membrane fraction. The tubes were balanced pairwise either with excess sample or 10% sucrose solution on the top with an accuracy of ± 0.01g.


Primer Design for Fd site directed mutagenesis

Nucleotide sequence for T.e. Fd (PetF1)
>lcl|Y10288.1_cds_CAA71330.1_1 [gene=petF1_protein=2Fe-2S ferredoxin]
ATGGCAACCTACAAAGTAACGCTAGTGCGTCCTGATGGAAGCGAAACAACAATTGACGTGCCCGAAGATGAGTACATTCTGGATGTGGCCGAAGAGCAAGGCCTAGACTTGCCCTTCTCCTGCCGTGCTGGTGCTTGCTCCACCTGTGCCGGTAAGCTCCTGGAAGGAGAAGTGGATCAGTCGGATCAGTCCTTCTTGGATGATGACCAAATTGAGAAGGGCTTTGTGCTTACCTGTGTAGCCTATCCCCGTTCTGACTGCAAAATCCTCACCAACCAAGAGGAAGAGCTTTACTAA


1. F38D
	Tm* = 66.5°C, Bases = 20, GC content = 70.0%, mismatched bases = 2 
	Primer Sequence 5' to 3':
Complement 5' to 3':
	GACTTGCCCGACTCCTGCCG
CGGCAGGAGTCGGGCAAGTC





Amino Acid Sequence: DLPDSC?
1. F38E
	Tm = 65.1°C, Bases = 22, GC content = 68.2%, mismatched bases = 3 
	Primer Sequence 5' to 3':
Complement 5' to 3':
	GACTTGCCCGAGTCCTGCCGTG
CACGGCAGGACTCGGGCAAGTC





Amino Acid Sequence: DLPESCR?

1. F38A
	Tm = 64.8°C, Bases = 18, GC content = 77.8%, mismatched bases = 2 
	Primer Sequence 5' to 3':
Complement 5' to 3':
	CTTGCCCGCCTCCTGCCG
CGGCAGGAGGCGGGCAAG





Amino Acid Sequence: ?LPASC?


1. S63D
	Tm = 64.8°C, Bases = 23, GC content = 52.2%, mismatched bases = 2 
	Primer Sequence 5' to 3':
Complement 5' to 3':
	GTCGGATCAGGACTTCTTGGATG
CATCCAAGAAGTCCTGATCCGAC





Amino Acid Sequence: ?SDQDFLD?

1. S63E
	Tm = 60.5°C, Bases = 23, GC content = 52.2%, mismatched bases = 3 
	Primer Sequence 5' to 3':
Complement 5' to 3':
	GTCGGATCAGGAGTTCTTGGATG
CATCCAAGAACTCCTGATCCGAC





Amino Acid Sequence: ?SDQEFLD?




Buffers for IMPACT (NEB) affinity purification of Fd

Column Buffer:

20 mM Na-phosphate 	(pH 8.0)
500 mM NaCl
1mM EDTA
(stored as a 5X stock)

Lysis Buffer:

Column buffer + 0.3% Triton X-100

1X Elution Buffer:

10 mM Na2HPO4, 
1.7-2 mM KH2PO4 		(pH 7.5)
50 mM β-mercaptoethanol (BME)


Sample reservoir assembly for SFX crystallography 

As shown in Figure 35, there are two sides separated by a gasket. When the sample is being delivered to the beam, pressure is applied to the water side, allowing injection of the sample. before the sample proceeds to the injection site, it is passed through an in-line filter (we used a 20 µm steel filter but other options may be available in the future).
It is important to make sure that a proper “wet connection” technique is used when assembling the reservoir. It is very important that air bubbles do not enter the lines.
1) Prepare the reservoir by pushing water through the gasket to leave enough room for the sample and prepare the water side: Clean out anything in the sample side of the reservoir by using a long metal syringe tip connected to a 3-mL syringe. Add water and remove it, over and over, until you are confident there is no sample remnants from prior use. Fill the sample side with water and wet-connect a water line with a 1-mL syringe. Push about 3 mL of water into the sample side using this setup so that there is now enough room for your sample to fit. You should be able to see that the gasket is closer to the water side by looking into the open end of the metal rod. Remove this water line and use the 3-mL syringe with the long metal tip to remove the water from the sample side. Perform a final rinse of the sample side with your buffer that the crystals are currently in. Fill the water side with water and wet-connect the cap and water line to the water side. The reservoir is now ready to store at whatever temperature is applicable for the next sample to be loaded.

2) Prepare the sample line by connecting a long blue line to the in-line filter to a small blue line like shown in the figure. Wash the line with your buffer in preparation for the sample request.

3) When a sample is requested, add the desired volume of the resuspended crystals (NOTE: For PSII crystals, add 250 mM PPBQ dissolved in DMSO to 2 mM, for example a 2 mL sample should receive 16 µL of the 250 mM PPBQ). to the sample side using a 3-mL syringe with a long metal tip. Ensure that the tip is all the way to the bottom of the sample side and avoid adding bubbles. Push the water line syringe until the sample is to the top of the hole in the metal rod. This may require filling the water syringe multiple times. Attach the sample line with the in-line filter into the sample side of the metal rod. Although some of the sample will slightly spill over, this is the best technique for avoiding making bubbles. Again, push water through the water line until a drop of sample comes out of the sample line. Now, you are confident that both the water side and sample side are full. Send the sample to the hutch in the elevator.

4) Note that if sample is still inside of the reservoir when it is returned, it may be retrieved by disconnecting the sample line and removed with a syringe with a long metal tip. When the sample reservoir is ready for cleaning, disassemble the entire assembly and wash it by injecting water through the sample lines (a rinse of G100 for reservoirs that previously contained PSI crystals is desired before the water rinse) and rinsing the sample side of the metal rod thoroughly. To prepare the entire reservoir for the next sample, begin above at the first step.
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