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ABSTRACT
Ferredoxins (FD) are iron-sulfur proteins that mediate electron transfer in a range of metabolic reactions. In chloroplasts and cyanobacteria, ferredoxin facilitates electron transfer from the stromal surface of photosystem I (PSI) to the ferredoxin:NADP+ oxidoreductase, which requires that ferredoxin is capable of docking and transferring electrons between these two complexes. In applied photosynthesis, many efforts have been devoted towards re-directing this electron into either a hydrogen-evolving catalyst or an electron-conducting semiconductor. If these transfer electrons are collected from the PSI-FD complex, a flexible solar cell can be generated. Considering the electronic property of inorganic materials, we have decided to attach the PSI- ferredoxin complex to the metal oxides nanomaterial to combine the advantages of electron transfer in both biological and inorganic material. To enable this transfer, we have previously shown that PSI can be re-modeled in vitro to contain a ZnO-binding element associated with either psaD/F. This approach requires a subunit exchange reaction that is in inefficient and requires large molar excesses of the fusion protein. In addition, there may also be rate limitations in electron transfer between FB and the ZnO surface. 
To overcome these limitations we are exploring using the native affinity of FD for PSI and its intrinsic iron-sulfur center to help overcome these two limitations, respectively. This requires that we develop optimized attachment chemistry for the FD holoform (from the thermophilic cyanobacteria T. elongatus) to TiO2 nanomaterials. We have purified the FD with TiO2 binding peptides (TOBiP), and also demonstrated that these peptide additions do not interfere with the insertion of the iron-sulfur center, the redox properties of the iron-sulfur center, and the binding of FD to PSI. In addition, we have optimized the FD- TOBiP for its ability to direct FD to bind to the TiO2 nanomaterial surfaces. We are currently testing and optimizing the fusion protein for its ability to link the PSI complex to the inorganic TiO2 nanomaterial for future photovoltaic applications. 
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[bookmark: _Toc286145897]	Chapter 1 Introduction and literature review

1.1. Origin of photosynthesis and cyanobacteria
Origin and evolution of photosynthesis: clues from genome comparison 
Armen Y. Mulkidjanian1,2, Eugene V. Koonin3

Cyanobacteria are one of the earliest branching groups of organisms and the only known prokaryotes to carry out oxygenic photosynthesis; there is little doubt that they played a key role in the formation of atmospheric oxygen (Bekker et al. 2004). Despite the evolutionary, environmental and geochemical importance of cyanobacteria, many aspects of their life remain obscure. In the last several years, complete genome sequences of several freshwater and marine cyanobacteria became available, providing ample sequence 
information for a systematic analysis of cyanobacterial genomes (see e.g. Hess, 2004). 
Studies of the genes shared by cyanobacteria and other photosynthetic organisms allowed delineation of the ‘photosynthetic gene set’ and demonstrated a significant amount of horizontal gene transfer (HGT) among photoautotrophic bacteria (Raymond et al. 2002; Sato 2002; Raymond et al. 2003; Zhaxybayeva et al. 2004). A somewhat surprising result of the latter work was that most known photosynthetic genes did not belong to the ‘photosynthetic gene set’. 
We compared proteins encoded in 15 complete cyanobacterial genomes, including five genomes of P. marinus, to define the minimal set of genes common to all cyanobacteria (Mulkidjanian et al., 2006). While the majority of such core CyOGs are genes for central cellular functions that are shared with other bacteria, 84 (hereafter photosynthetic CyOGs) are exclusively shared by cyanobacteria and plants and/or other plastid-carrying eukaryotes that indicate their relation to the photosynthetic machinery. The latter group included 35 families of uncharacterized proteins, which are likely to be previously 
unrecognized components of the photosynthetic machinery (see Mulkidjanian et al., 2006 for details). 
The revealed set of photosynthetic CyOGs might be helpful upon addressing the identity of the first phototrophs, the subject of intense discussion in recent years (Pierson and Olson 1989; Blankenship 1992; Green, Gantt 2000; Xiong et al. 2000; Dismukes et al. 2001; Raymond et al. 2002; Gupta 2003; Raymond et al. 2003; De Las Rivas et al. 2004; Mix et al. 2004; Olson and Blankenship 2004; Allen 2005, Allen, Martin, 2007).



















Chapter 2 Material and methods
2.1 Cloning of wild type Thermosynechococcus elongatus ferredoxin
The complete genome information of Thermosynechococcus elongatus was provided by National Center for Biotechnology Information (NCBI Reference Sequence: NC_004113.1). The wild type ferredoxin (petF) gene sequence was found within the genome (locus tag: tsl1009) with a total length of 297 bp (as below). 
ATG GCA ACC TAC AAA GTA ACG CTA GTG CGT CCT GAT GGA GGC GAA ACA ACA ATT GAC GTG CCC GAA GAT GAG TAC ATT CTG GAT GTG GCC GAA GAG CAA GGC CTA GAC TTG CCC TTC TCC TGC CGT GCT GGT GCT TGC TCC ACC TGT GCC GGT AAG CTC CTG GAA GGA GAA GTG GAT CAG TCG GAT CAG TCC TTC TTG GAT GAT GAC CAA ATT GAG AAG GGC TTT GTG CTT ACC TGT GTA GCC TAT CCC CGT TCT GAC TGC AAA ATC CTC ACC AAC CAA GAG GAA GAG CTT TAC 
Primers were designed to introduce an NdeI (CAT ATG) restriction site 5’ and an XmaI (CCC GGG) restriction site 3’ of the ferredoxin DNA.
TeFd Ndel-F: GGTGGTCATATGGCAACCTACAAAGTAACG  
TeFd XmaI-R: GGTGGTCCCGGGGTAAAGCTCTTCCTC
All the primers were synthesized by Integrated DNA Technologies (IDT; Coralville,IA), and received as lyophilized powder. The primers were resuspended to 100 μM in deionized, autoclaved water (ddH2O). These 10x stocks were kept at -20ºC. The working stocks of primers were prepared by diluting the 10X stock to 1X stock (10 μM) with ddH2O to avoid contamination of the primer stocks. 
The high fidelity DNA polymerase ExTaq (Takara Bio Inc., Shiga, Japan) was used for Polymerase chain reaction (PCR). The set up reaction was according to Table 1 and the PCR was performed in a Mastercycler Gradient Cycler, (Eppendorf, Hamburg, Germany) using the cycling conditions shown in Table 2.
To analyze the PCR product, electrophoresis was performed using 0.8% low melting agarose gels, and the product was purified using Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI). 
The purified PCR product was then ligated into the pGEM-T Easy vector (Promega, Madison, WI) using T4 DNA Ligase for two hours at room temperature (Table 3). After ligation, the product was transformed into the E. coli GC5 competent cells (Genesee Scientific, San Diego, CA) and spread on 1.5% Luria Broth (LB) agar plates that contains 150 μg/ml ampicillin, 100 μl of 20 mg/ml 5-bromo-4-chloro-3-indolyl-β-D-galctopyranoside (X-gal), and 100 μl of 100 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG). 
By performing the blue-white colony screen method, two types of colony will appear, blue colony and white colony. The blue colonies contain a functional β-Galactosidase gene which allows hydrolysis of X-gal to 5-bromo-4-chloroindoxyl and then spontaneously oxidized to the bright blue insoluble pigment causing these negative colonies to appear blue. The White colonies have the PCR product inserted into the β-Galactosidase gene and disable the reaction occurs in blue colonies causing the positive colonies to appear white. 
The white colonies were further screened using colony PCR reaction (Table 4 and Table 5) and M13 forward and M13 reverse primer were used for the reaction.
M13 Forward: CGCCAGGGTTTTCCCAGTCACGAC
M13 reverse: TCACACAGGAAACAGCTATGAC
The PCR product was analyzed using 0.8% low melting agarose gel. The positive colonies were confirmed by digestion using Ndel and Xmal. Only one confirmed colony was selected, grown overnight in LB liquid medium containing 150 μg/ml ampicillin and harvested. The cell pellet was then used for a midi-prep (Wizard Plus, Promega, Madison, WI) to extract the pGEM-T Easy-WT TeFd plasmid.
The purified pGEM-T Easy-WT TeFd plasmid and pTYB2 vector (New England Biolabs, Ipswich, MA) were digested with Ndel and Xmal overnight at 4ºC, and enzymes were heat-killed at 65ºC for 20 minutes. Digested pTYB2 vector was incubated with 1 μl of calfintestine alkaline phosphatase (CIAP) (Promega, madison, WI) for 1 hour at 37ºC to remove phosphate overhangs thus inhibit self-ligation. The digested WT TeFd and CIAP treated pTYB2 vector were run on a 0.8% low melting agarose gel and purified using the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI). The purified WT TeFd was ligated to the pTYB2 vector (Table 3) for two hours at room temperature.
The ligation product was transformed into E. coli GC10 competent cells (Genesee Scientific, San Diego, CA) and spread on 1.5% LB agar plate with 150 μg/ml ampicillin. Colony PCR was used to confirm the positive results using T7 Promoter F and T7 Terminator R primers (Table 4 and 5). 
T7 Promoter F: AATACGACTCACTATAGGG
T7 Terminator R: CTGCTAACAAAGCCCGAAAGGAA
The colony PCR products were analyzed on a 0.8% low melting agarose gel and were visually screened to be confirmed as positive result. The positive colonies were further confirmed with NdeI and XmaI. A positive colony was picked, grown overnight in LB with 150 μg/ml ampicillin and harvested. The cell pellet was then used for a midi-prep (Wizard Plus, Promega, Madison, WI) to extract the pTYB2 -WT TeFd plasmid. 
Table 1 PCR reaction recipe
	ExTaq (5 Units/μl)
	0.25 μl

	10x ExTaq Buffer
	5 μl

	10 mM dNTP mix (2.5 mM each)
	4 μl

	Forward Primer (10 μM)
	1 μl

	Reverse Primer (10 μM)
	1 μl

	Template DNA (200 ng/μl)
	0.4 μl

	ddH2O
	39.45 μl

	Total Reaction Volume
	50 μl














Table 2 PCR Cycling Condition for WT TeFd
	1
	94 ºC
	5 min.

	2
	94 ºC
	30 sec.

	3
	55 ºC
	30 sec.

	4
	72 ºC
	30 sec.

	5
	Repeat steps 2-4 for 35 times

	6
	72 ºC
	5 min.

	7
	4 ºC
	Hold















Table 3 Ligation protocol for pGEM-T Easy vector
	T4 DNA Ligase (3 Units/μl)
	1 μl

	2x Rapid Ligation Buffer
	5 μl

	Vector (100 ng/μl)
	1 μl

	Insertion (25 ng/μl)
	3 μl

	Total Reaction Volume
	10 μl
















Table 4 Colony PCR reaction Recipe
	GoTaq Polymerase (5 Units/μl) 
	0.1 μl

	5x GoTaq Buffer
	5 μl

	dNTP mix (2.5 mM each)
	2 μl

	Forward Primer (10 μM)
	0.5 μl

	Reverse Primer (10 μM)
	0.5 μl

	30% Triton X-100
	0.2 μl

	ddH2O
	16.7 μl

	Total Reaction Volume 
	25 μl



* E. coli colonies were suspended in ddH2O in the PCR tube before adding remaining ingredients










Table 5 Colony PCR Cycling Condition for pGEM-T Easy-WT TeFd
	1
	94 ºC
	5 min.

	2
	94 ºC
	30 sec.

	3
	55 ºC
	30 sec.

	4
	72 ºC
	1min 30 sec.

	5
	Repeat steps 2-4 for 35 times

	6
	72 ºC
	5 min.

	7
	4 ºC
	Hold















2.2 Codon analysis and Codon optimization of Te Fd
Since the codon usage are different from organism to organism, codon analysis was necessary in order to better express of Te Fd in E.Coli. Codon adaptation index (CAI) is a measurement of the relative adaptiveness of the codon usage of a gene towards the codon usage of highly expressed genes (Jansen, Bussemaker, & Gerstein, 2003). The relative adaptiveness of each codon is the ratio of the usage of each codon to that of the most abundant codon for the same amino acid (Fox & Erill, 2010). The CAI values range from 0 to 1, with higher values indicating a higher proportion of the most abundant codons.
The codon optimization was performed by online software provided by Integrated DNA Technologies (https://www.idtdna.com/CodonOpt). At the website, WT TeFd gene sequence was input and E. Coli was selected as output organism. After clicking on “Optimize”, the Codon optimized TeFd gene sequence was generated.
ATG GCT ACC TAC AAA GTT ACT CTG GTT CGT CCG GAT GGT TCT GAA ACC ACC ATC GAC GTG CCG GAA GAT GAA TAT ATC CTG GAC GTT GCT GAA GAG CAG GGC CTG GAC CTG CCG TTC AGC TGC CGT GCG GGC GCT TGC TCT ACT TGT GCG GGT AAA CTG CTG GAA GGC GAA GTT GAT CAG TCC GAC CAG TCT TTC CTG GAC GAC GAC CAG ATC GAG AAA GGC TTC GTA CTG ACC TGC GTA GCA TAT CCG CGT TCT GAT TGC AAA ATC CTG ACC AAC CAG GAA GAA GAA CTG TAC
The Codon optimized TeFd (C.O. TeFd) gene was synthesized by Epoch Life Science (Epoch, Sugar Land, TX), and received as pBSK-C.O. TeFd plasmid dissolved in ddH2O (concentration of 150ng/μl).
An NdeI restriction site at 5’ and an XmaI restriction site at 3’ were also synthesized in pBSK-C.O. TeFd plasmid. The pBSK-C.O. TeFd plasmid and pTYB2 vector (New England Biolabs, Ipswich, MA) were digested with Ndel and Xmal overnight at 4ºC, and enzymes were heat-killed at 65ºC for 20 minutes. Digested pTYB2 vector was incubated with 1 μl of calfintestine alkaline phosphatase (CIAP) (Promega, madison, WI) for 1 hour at 37ºC to remove phosphate overhangs thus inhibit self-ligation. The digested C.O. TeFd and CIAP treated pTYB2 vector were run on a 0.8% low melting agarose gel and purified using the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI). The purified C.O. TeFd was ligated to the pTYB2 vector (Table 3) for two hours at room temperature.
The ligation product was transformed into E. coli GC10 competent cells (Genesee Scientific, San Diego, CA) and spread on 1.5% LB agar plate with 150 μg/ml ampicillin. Colony PCR was used to confirm the positive results using T7 Promoter F and T7 Terminator R primers (Table 4 and 5). 
The colony PCR products were analyzed on a 0.8% low melting agarose gel and were visually screened to be confirmed as positive result. The positive colonies were further confirmed with NdeI and XmaI. A positive colony was picked, grown overnight in LB with 150 μg/ml ampicillin and harvested. The cell pellet was then used for a midi-prep (Wizard Plus, Promega, Madison, WI) to extract the pTYB2 –C.O. TeFd plasmid. 
2.3 Computational modeling of PSI and Fd interaction
This section was performed under the collaboration with Dr. Derek Cashman and the detail article was accepted by Journal of Molecular Recognition. The protein structures files of Te PSI and Fd were downloaded from the Protein Data Bank (PDB) with PDB accession coordinates number 1JB0 (PSI) and 2CJN (Fd). Since the PSI interact with Fd through the stromal subunits PsaC, D and E, including the [Fe-S] center, program MOE V. 2012 (Chemical Computing Group, Inc., Montreal, Quebec, Canada) was used to extract extracted these subunit from the PDB file, and hydrogen atoms were added to the structure according to standard residue protonation (Baudry, 2014). 
The extracted subunits form Te PSI as well as Te Fd was used to calculate the regions that exhibits local configurational frustration using the Protein Frustratometer (EMBNet, http://www.frustratometer.tk/). The frustration is used to understand the proteins biological behavior by analyzing how the energy is distributed in protein structures and how mutations or conformational changes shift the energy distributions (Onuchic, Luthey-Schulten, & Wolynes, 1997). Sites of high local frustration usually indicate biologically important regions such as binding or allosteric sites while the minimally frustrated region indicates a stable folding core of the molecule (Bryngelson & Wolynes, 1987).
The frustration result indicated certain regions (or key residues) that are highly frustrated which indicated its potential to be the interaction sites for PSI and Fd. These regions were mapped on the PSI and Fd sprotein structure using MOE V. 2012. In addition, the key residues that have been experimentally determined based on site-directed mutagenesis, cross-linking, and other studies to be involved in interactions with both systems were also mapped (Bottin, Hanley, & Lagoutte, 2001; Fischer, Setif, & Rochaix, 1999; Setif, Fischer, Lagoutte, Bottin, & Rochaix, 2002; Setif, Harris, Lagoutte, Dotson, & Weinberger, 2010). 
The modeling of the interaction between PSI and Fd was performed by rigid body bocking using the Energy Minimize function in MOE with the CHARMM27 force field. The extracted stromal subunits of PSI (PsaC, D and E, including the [Fe-S] center) and Fd were treated as separate rigid bodies with the predicted interaction surfaces facing each other. Between four and seven distance restraints the selected amino acids were set for each docking run using a harmonic potential of 1 kcal/mol/Å2 for atomic distances further away than 8 Å (Table 6). The distance restraints were set between one atom of a residue on PSI and another atom of a residue on Fd to insure that the two residues selected would be in proximity in the docked complex structure (Baudry, 2014). These distance restraints were set to generate potential models for PSI-Fd interaction complex that bring together the residues that have been experimentally proposed to be involved in PSI-Fd interactions and/or the regions of high energetic frustration. A total of 12 models were generated with a different set of distance restraints (Table 6), and each of these models was then subjected to energy minimization in MOE (Baudry, 2014), and the potential interaction energy was used to rank each model. Since the docked structures with the most favorable (most negative) potential interaction energies between PSI and Fd are thermodynamically more likely to exist, the 12 docking pairs can be grouped into two groups which indicated that Fd was docked into PSI in opposite directions.








31

	1
	PsaE: R39 R39  Fd: D27 
	PsaE: R39 
Fd: E31 
	PsaE: R39 
Fd: D35 
	PsaC: C13 
Fd: C40 
	PsaD: R73 
Fd: D66 
	PsaD: K104 
Fd: D68 
	PsaD: K76 
Fd: E71 

	2
	PsaD: R73 
Fd: R35 
	PsaD: K76 
Fd: E30 
	PsaC: C13
Fd: C40
	PsaE: R39 
Fd: D66 
	PsaE: R39 
Fd: D68 
	PsaC: K34 
Fd: E71 
	

	3
	PsaE: R39 
Fd: E31 
	PsaC: K34 
Fd: D35 
	PsaC: C13
Fd: C40 
	PsaD: R73 
Fd: D66 
	PsaD: R18 
Fd: D68 
	PsaD: K104 
Fd: D68 
	PsaD: K76 
Fd: E71 

	4
	PsaD: R18 
Fd: E30 
	PsaD: K76 
Fd: E31 
	PsaC: C13
Fd: C40
	PsaE: R39 
Fd: D66 
	PsaC: K34 
Fd: E71 
	
	

	5
	PsaD: R73 
Fd: E30 
	PsaD: K76 
Fd: D35 
	PsaC: C13
Fd: C40
	PsaE: R39 
Fd: D66 
	PsaE: R39
Fd: D67 
	PsaE: I37 
Fd: I70 
	

	6
	PsaE: R39 
Fd: E31 
	PsaC: C13
Fd: C40
	PsaD: K104 
Fd: D66 
	PsaD: R73 
Fd: D67 
	PsaD: K76 
Fd: E71 
	
	

	7
	PsaD: R73 
Fd: E30 
	PsaD: K104 
Fd: E30 
	PsaD: K76 
Fd: D35 
	PsaC: C13
Fd: C45 
	PsaC: K34 
Fd: D67 
	
	

	8
	PsaC: K34 
Fd: E31 
	PsaC: K34 
Fd: D35 
	PsaC: C13
Fd: C45 
	PsaD: R73 
Fd: D66 
	PsaD: K76 
Fd: D67 
	PsaD: K104 
Fd: E71 
	

	9
	PsaC: K34 
Fd: E31 
	PsaC: K34 
Fd: D35 
	PsaC: C13
Fd: C45 
	PsaD: R73 
Fd: D66 
	PsaD: K76 
Fd: D67 
	
	

	10
	PsaE: R39 
Fd: E30 
	PsaE: R39 
Fd: E31 
	PsaC: C13
Fd: C45 
	PsaD: R73 
Fd: D66 
	PsaD: K104 
Fd: D68 
	PsaD: K76 
Fd: E71 
	

	11
	PsaC: C13
Fd: C40
	PsaD: K104 
Fd: D66 
	PsaD: K76 
Fd: E71 
	PsaD: R39 
Fd: E31 
	
	
	

	12
	PsaE: R39 
Fd: E30 
	PsaE: V55
Fd: F38 
	PsaC: C13
Fd: C40 
	PsaD: R73 
Fd: D66 
	PsaD: K76 
Fd: D67 
	PsaD: K104 
Fd: E71 
	


Table 6 Distance restraints used for each docking run 
2.4 Determination of N- or C-terminal placement of TOBiP
In order to facilitate the attachment of Fd to titanium oxides (TiO2) surface, the titanium oxides binding peptides (TOBiP) was introduced to the terminal of Fd. To make sure the TOBiP-TeFd can perform interaction with PSI normally, it is necessary that the TOBiP is placed in a terminal that does not interfere with the interaction between PSI and Fd. 
With the models generated above, Fd was docked into PSI in opposite directions. The models was analyzed using MOE V.2012, and the results showed that the C- terminus of the Fd lay in the middle of the interaction sites between PSI and Fd while the N- terminus of Fd stay relatively far away from the interaction sites. As a result, to make TOBiP-TeFd that can interact with PSI normally, the TOBiP should be placed in the N- terminus of Fd. 
2.5 Subcloning of TOBiP-C.O. TeFd into Impact system
Four forward primers and one reverse primer were designed to introduce four different TOBiP (STB1, STB2, LSTB1 and minTBP) (Chen, Su, Neoh, & Choe, 2006, 2008) at the 5’ end of the C.O. TeFd.
STB1-C.O. TeFd Forward: GGTCATATGTGCCATAAAAAACCGAGCAAAAGCTGCGGCGGCAGCGCTACCTACAAAGTT
STB2-C.O. TeFd Forward: GGTCATATGTGCACCAAACGCAACAACAAACGCTGCGGCGGCAGCGCTACCTACAAAGTT
LSTB1-C.O. TeFd Forward: GGTCATATGGCGCATAAAAAACCGAGCAAAAGCGCGGGCGGCAGCGCTACCTACAAAGTT
minTBP-C.O. TeFd Forward: GGTCATATGCGCAAACTGCCGGATGCGGGCGGCAGCGCTACCTACAAAGTTACTCTGGTT
TOBiP-C.O. TeFd Reverse: CAAAGCACCCGGGGTACAGTTCTTC
The high fidelity DNA polymerase ExTaq (Takara Bio Inc., Shiga, Japan) was used for PCR. The set up reaction was according to Table 1 and the PCR was performed using the cycling conditions shown in Table 7. 
The PCR product was analyzed and purified using the same method as mention above. The purified PCR product was then ligated into the pGEM-T Easy vector (Promega, Madison, WI) using TA cloning method and then confirmed with blue-white colony screen method and colony PCR (same as above). After these steps, four different pGEM-TOBiP C.O. TeFd plasmids were harvested. 
The purified pGEM-TOBiP C.O. TeFd plasmid and pTYB2 vector (New England Biolabs, Ipswich, MA) were then digested with Ndel and Xmal and ligased to generate pTYB2- STB1 C.O. TeFd, pTYB2- STB2 C.O. TeFd, pTYB2- LSTB1 C.O. TeFd, and pTYB2- minTBP C.O. TeFd constructs following the above method. 






Table 7. PCR Cycling Condition for TOBiP-C.O. TeFd
	1
	94 ºC
	5 min.

	2
	94 ºC
	30 sec.

	3
	45 ºC
	45 sec.

	4
	72 ºC
	45 sec.

	5
	Repeat steps 2-4 for 35 times

	6
	72 ºC
	5 min.

	7
	4 ºC
	Hold















2.6 Expression and purification of protein using the Impact System
The pTYB2- TOBiP C.O. TeFd (pTYB2- STB1 C.O. TeFd, pTYB2- STB2 C.O. TeFd, pTYB2- LSTB1 C.O. TeFd, and pTYB2- minTBP C.O. TeFd) and pTYB2- C.O. TeFd constructs were transformed into E. coli ER2566 competent cells, and spread on 1.5% LB agar plate with 150 μg/ml ampicillin.
Expression screening was performed to test the expression ability. Three colonies were picked and grown at 37ºC with shaking at 225 rpm in 5ml LB liquid medium tubes with 150 μg/ml ampicillin for four hours and IPTG was then added to make the final concentration 1mM and started the induction. The E.Coli cells were harvested by centrifugation (6000g for 2 minutes) after three hours induction.  The cell pellets was resusopended in a 150μl ddH20 and add 50μl of 4X SDS sample buffer (4X SSB, 400 mM DTT, 40 mM Tris-HCl pH 6.8, 20% glycerol, 4% SDS). The samples were boiled for three minutes and analyzed by SDS-PAGE. 
The colony that expressed the most fusion protein was collected and used to purify protein. The purification process used a modified protocol form the IMPACT Kit Instruction manual (https://www.neb.com/products/e6901-impact-kit). The selected colony was grown at 37ºC with shaking at 225 rpm in two1L LB liquid medium flasks with 150 μg/ml ampicillin to an OD600 of 0.4, the cells were then moved to 20ºC for twenty minutes. 1M IPTG stock was added to a final concentration of 1 mM to induce fusion protein production. The E.Coli cells were harvested by centrifugation at 6000g for 10 minutes in four 500ml centrifuge tubes after 16 hours induction. The cell pellets were then resupended in 25ml of 1X Cell Lysis Buffer (20 mM Tris-HCl, pH 8.5, 500 mM NaCl, 1 mM EDTA, and 0.1% Triton X-100) per two liter cell culture. Protease inhibitor cocktail (0.2 μM PMSF, 1 μM Leupeptin, and 1 μM Pepstatin) was also added to the solution to help protect the aimed protein. 
The cells were lysed by three times of French Press (Thermo Electron Corporation, Waltham, MA) at an internal pressure of 15,000 psi. The lysate was then collected and centrifuged using Sorvall SS-34 rotor at 40,000g for 30 minutes. The supernatant was collected and used for protein purification while the pellet was resuspended in 25ml 1X Cell Lysis Buffer and 60 μl of the resuspended pellet was collected and mixed with 20 μl 4XSSB for further analysis (as described in Gel electrophoresis and staining section). 
The supernatant was then loaded onto a chitin matrix column (New England Biolabs, Beverly, MA) at 0.5 ml/min. The column was washed with twenty column volumes of ice-cold column buffer (20 mM Tris-HCl, pH 8.5, 500 mM NaCl, and 1 mM EDTA) to remove unbound proteins at 2 ml/min. The column was then washed with three column volumes of ice-cold column buffer supplemented with 50 mM β- mercaptoethanol (β-ME) to induce the self- cleavage of intein tag. The column was then incubated at 4ºC for 20- 40 hours. The proteins were eluted with 5ml column buffer at 4ºC. The elution was dialyzed in 0.1X Phosphate buffered saline (0.1X PBS, 13.7 mM NaCl, 0.27mM KCl, 1mM Na2HPO4 and 0.18mM KH2PO4 at pH 7.2) three times for four hours each. Sample was collected form the dialyzed protein and analyzed using SDS-PAGE (as described in Gel electrophoresis and staining section). The rest protein was then frozen in liquid nitrogen and stored at -80ºC for long term storage.
2.7 Characterization of recombinant Fd fusion proteins
The purified ferredoxin proteins (WT TeFd, STB1-TeFd, STB2-TeFd, LSTB1-TeFd, and minTBP-TeFd) require further characterization to confirm its functional property and activity before using it for future studies.
2.7.1 MALDI-TOF mass spectrometry
The purified ferredoxin proteins were analyzed by the matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry (MS) to confirm its molecular weight. MALDI-TOF MS was performed using Bruker Daltonics MicroflexTM mass spectrometer. The MALDI-TOF MS was calibrated using ProteoMass™ Protein MALDI-MS Calibration Kit (Sigma-Aldrich, St. Louis, MO). The protein samples were mixed with 10 μl of 60% (v/v) sinapinic acid (3-(4-hydroxy-3,5- dimethoxyphenyl)prop-2-enoic acid, Sigma-Aldrich, St. Louis, MO) in 1:1 ratio, while the internal standard was used directly. The MS plate was added with 1 μl of the mixtures (or internal standard) at each spot and air-dried thoroughly at room temperature. The resulting mass/charge data was exported into text file (.txt) and analyzed using GraphPad Prism 6 (GraphPad Software, La Jolla, CA). The MALDI result calculated molecular weight was then compared to the expected molecular wright to confirm the correctness of the purified proteins.
2.7.2 Difference Spectroscopy
The Fd proteins were also analyzed by Cary 300 Bio UV-Visible Spectrophoto-meter (Agilent Technologies, Santa Clara, CA) to characterize its representative absorbance at 330nm, 424nm and 460nm under oxidized state and reduced state (RAO, 1973). The protein sample was diluted in 0.1X PBS (pH 7.2) to final concentration 100μM and the scanning mode measurement from 250nm to 550nm was performed at 60nm/min averages at 0.5 nm intervals for three times. The oxidized state ferredoxin measurement was performed using 0.1X PBS as blank while the reduced state was measured using 0.1X PBS contained 10mM sodium dithionite as blank and 100μM protein with 10mM sodium dithionite as sample. The result was exported into an excel file (.exe) and the average of the three replicates was calculated. GraphPad Prism 6 (GraphPad Software, La Jolla, CA) was used to analyze the result. 
2.7.3 Circular Dichroism
Circular dichroism spectroscopy was performed on an Aviv Series 202 circular
dichroism spectrophotometer (Aviv Instruments, Lakewood, NJ). The purified ferredoxin proteins (WT TeFd, STB1-TeFd, STB2-TeFd, LSTB1-TeFd, and minTBP-TeFd) were dialyzed into 1X Circular Dichroism (CD buffer, 50 mM Na2SO4 and 10 mM KPO4, pH 7.0) four hours each time for three times and make the final concentration of the proteins to be 10 μM. The CD results were collected at room temperature using 5 seconds averages at 1 nm intervals from 180 to 240 nm. Three replications were performed and the average result was calculated, corrected for buffer contributions, smoothed, and converted to molar ellipticity using the Aviv software, version 2.71. Deconvolution was performed using the CDPro software with IBase3, a reference set of 37 soluble proteins (Simmerman, Dave, & Bruce, 2014). 
2.7.4 EPR (to do)
2.8 Gel electrophoresis and staining
The protein samples were added with 4X SSB to make the final concentration 1X SSB, the samples were then vortexed and boiled for three minutes. To analysis the protein samples, Tris-glycine system was used. The gel casting apparatus used 0.75 mM thick spacer plates and short plates provided by the Protean-3 system (Bio-Rad Hercules, CA). For resolving solution, 3.5ml of 15% acrylamide was mixed with 20μl of 10% w/v ammonium persulfate (APS) and 10 μl of tetramethylethylenediamine (TEMED). Isopropanol was added to the top of the resolving solution to help shape the resolving gel. The polymerization of the resolving gel takes about ten minutes. After polymerization the isopropanol was removed and the 2ml of the stacking solution (4.8% acrylamide) was mixed with 10μl APS and 20μl TEMED and poured until the solution is at the top of the short plate. 
A 0.75mm thick comb is then inserted into the stacking solution and waited until the stacking gel is solidified. The solidification takes about five minutes and then the comb is removed from the gel. The gels are run under 15mA per gel using SDS Running buffer (0.1% SDS, 25 mM Tris and 275 mM glycine, pH 8.3) until the bromophenol blue reaches the bottom (usually takes about 1.5 hours). At this time point, the gels can be used for Coomassie Brilliant Blue staining or Western blotting. 
For Coomassie Brilliant Blue staining, the gels were stained in 10% acetic acid, 50% methanol and 0.25% Coomassie Brilliant Blue R 250 for 1 hour and then washed with water and incubated in destain (10% acetic acid, 50% methanol) for two hours. 
Silver staining can also be performed if a more sensitive result is required (Chevallet, Luche, & Rabilloud, 2006). The proteins are fixed to the gel for 45 minutes with 200ml of fixing solution (50% ethanol 10% acetic acid) and then washed with 200ml of ddH20 for 4 minutes (four times). The gel is exposed to 100ml silver nitrate (0.5% AgNO3) for 30 minutes and quick rinsed with 200ml ddH2O for 10-15 seconds. The gel is developed in 100ml developing buffer (236 mM Na2CO3, 0.02% formaldehyde) for 15 minutes and washed in 200ml ddH2O for five minutes (three times). 100ml of the Farmer’s reducer (685 μM K3Fe(CN)6 and 12 mM Na2S2O3) was used to treat the gel for 45 minutes, and washed with ddH2O for 6 minutes (four times). The gel is then stained with silver nitrate again for 25 minutes and rinsed with ddH2O for 15 seconds. Finally, the gel was incubated with developer and stopped when the band was optimal by adding destain buffer. 
2.9 Production and purification of Fd antibody
The polyclonal antibody was made in rabbits (Pocono Rabbit Farm, Canadensis, PA) using recombinant forms of Fd expressed and isolated from E. Coli. The characterization and specificity of the antibody is through western blotting analysis. No cross-reactivity was found the antisera against the other subunits, although there may be some detection of the chitin binding domain (CBD) fusion protein that was used to purify the proteins. 
The anti-Fd antibody was further purified using cyanogen bromide (CNBr)-activated Sepharose 4B (GE Healthcare Life Sciences, Piscataway, NJ). 1 gram of the CNBr)-activated Sepharose 4B was stacked in the column and activated using 20-50ml cold HCl for 15 min at 4°C. The column was then washed with 200ml 1mM HCl at 1ml/min. one milliliter of 1 mg/ml Fd was incubate to the activated Sepharose beads overnight at 4°C, and washed with 15ml of coupling buffer (100mM NaHCO3, 500mM NaCl, pH 8.3). The uncoupled sites on beads were blocked with 3ml of 1M Tris-HCl buffer (pH 8) for 2 hrs at room temperature. The beads was then washed with 10ml PBS buffer (10mM Na2HPO4, 1.8mM NaH2PO4 and 140mM NaCl, pH 7.4) and incubate with serum (produced by Agriseria) overnight at 4°C. The flow-through from the column was saved for Western blot test. The column was washed again with 10ml PBS buffer and 5ml 150mM NaCl-HCl (pH 5) solution. The purified antibody was eluted with 6ml elution buffer (150mM NaCl, pH 2.5) and neutralize with saturated phosphate buffer (Add Na2HPO4 to PBS buffer until saturation). 1ml of elution buffer requires 50μl of saturated phosphate buffer. The antibodies solution was kept in a 50% glycerol solution with 0.1% sodium azide at -20°C.
2.10 Western blotting
Immobilon PVDF membrane (Millipore, Billerica, MA) was cut into the size of the Tris-glycing gel, activated in pure methanol for 5 minutes and then soaked in transfer buffer (48 mM Tris, 390 mM glycine, 20% methanol) for another 5 minutes. 
Gels were run with pre-stained markers (EZ-Run Prestained, Fisher Scientific, Fair Lawn, NJ; or SeeBlue, Invitrogen, Carlsbad, CA). Proteins were transferred to the pre-soaked PVDF using Mini Trans-Blot® Electrophoretic Transfer Cell (BioRad, Hercules, CA) at 100 V for 1.5 hours at 4ºC. The immobilon was removed from the cell and incubated with Tris-Buffered Saline and Tween 20 (TBST, 137 mM NaCl, 3 mM KCl, 0.1% v/v Tween-20 and 25 mM Tris-HCl, pH 8.0) containing 3% w/v non-fat milk (NFM) with shaking for 1 hour at room temperature. The immobilon was then incubated for with 1:10,000 dilution of primary antibody in TBST-NFM solution overnight at 4°C. The immobion was washed 3 times with TBST-NFM (10 min each time) and then incubated with the donkey-anti-rabbit horseradish peroxidase conjugated (DAR-HRP) (Thermo Scientific, Rockford, IL) for 1 hour at 1:25,000 dilution TBST-NFM solutions. The immobilon was again washed 3 times with TBST for 10 minutes and once with TBS for 10 minutes. 
The immobion was then incubated with 1:1 volume mix of HRP substrate and Luminol (Millipore) at 2 ml total volume for 5 minutes (avoid light). The results were captured using a Chemidoc XRS (Bio-Rad, Hercules, CA) for 360 seconds taking images every 10 seconds. The results were analyzed with Quantity One software version 4.4 (Bio-Rad, Hercules, CA), and bands were quantitated by photon counting.
2.11 Design of in vitro binding assay to TiO2
0.5mg of the titanium oxides (TiO2) nanoparticle and 10μl of the 1mg/ml Fd (WT Fd and TOBiP-Fd) was mixed in a 1.5ml Eppendorf tube (Eppendorf, Hamburg, Germany) and made the final volume to 100μl with buffer. The mixture was incubated at 4°C for 3 hours and centrifuged at 1,000g for 1 minute using Eppendorf Centrifuges (Eppendorf, Hamburg, Germany). The supernatant was then discarded after collected sample while the pellet was collected after washed twice with buffer (Figure 8). 50μl of 4X SSB was added to the pellet and boiled for 2 minutes to denature the sample. The protein samples (supernatant and pellet) were analyzed using SDS-PAGE, gel staining or western blotting.
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Figure 8 Protocol of the in vitro binding assay to TiO2. Schematic representation of the protocol to test the binding efficiency of Fd or PSI-Fd crosslinked complex to titanium oxides nanoparticles. 








2.12 Purification of PSI
Purification of trimeric PSI was carried following protocol established by Iwuchukwu et al (Iwuchukwu, 2011) with minor modifications. The frozen Thermosynechococcus elongatus cells were thawed and resuspended in 30ml of lysozyme buffer (10 mM CaCl2, 10 mM MgCl2, 500 mM sorbitol and 50 mM HEPES, pH 8.0) using a large Dounce homogenizer. The resuspended cells were transferred back to a 50ml conical tube and were adjusted to make chlorophyll-a content centration at 1 mg/ml. The chlorophyll a (chl a) was measured using an equation discussed in later section (Arnon, 1949). 
Lysozyme was then added to a final concentration of 0.25% (w/v) and incubated in the dark at 37 ºC for 45 min. The resulting mixture was centrifuged for 10 min at 5,000g and the supernatant was discarded. The pellet was resuspended in lysis buffer (10 mM CaCl2, 10 mM MgCl2, 500 mM Sorbitol and 20 mM MES, pH 6.4) to make chl a concentration to be 1mg/ml. The mixture solution passed twice through a French Press (SLC Aminco) with internal pressure of 15,000 psi to break the cell. The cell lysate was then centrifuged using SS-34 rotor at 40,000g for 20 min, and discarded the supernatant. 
The pellet were collected and washed with wash buffer (10 mM CaCl2, 10 mM MgCl2 and 20 mM MES, pH 6.4) once, then washed with wash buffer containing 3 M NaBr and then finally in the initial wash buffer. The final washed membrane fragments wereadjusted to a chlorophyll a concentration of 1.06 mg/ml and dodecyl–maltoside (DM) was added to a final concentration of 0.6% w/v. The mixture was incubated at 20 ºC for 30 min with gentle shaking in darkness. The insoluble material was removed from the solubilized membrane mixture by centrifugation at 40,000g for 20 min. The supernatant was separated from the pellet and then loaded onto 10 - 30% sucrose gradients (contained wash buffer and 0.03% DM). Density gradient centrifugation was performed using SE28 rotor at 24,000 rpm at 10 ºC for 16 hours. The lowest green band contained the PSI complex was collected using a large syringe. 
The PSI samples were slowly diluted with 20 mM MES pH 6.4 with 0.02% DM to about 4 times the volume of the pooled fractions and then loaded onto a POROS 20HQ (Invitrogen, Carlsbad, CA) anion exchange column (S/N 500, SpectraLab Scientific, Ontario, CA) and eluted with a non-linear 0 to 400 mM MgSO4 gradient. The method used for the HPLC is shown in Appendix I. The chlorophyll a concentration was measured and aliquots were stored at -80 ºC for long term storage. 
2.13 Cross-linking of Fd to PSI
Ten microliters of the Te PSI (1 mg chl/ml) together with TeFd was used to make the molar ratio 1:1 in 0.1 x PBS (pH 7.2) with 0.03% DDM. The mixture of PSI and Fd was then incubated for 30 minutes on ice before adding chemical crosslinking agent. EDC (Thermo Scientific, Rockford, IL) and NHS (Thermo Scientific, Rockford, IL) were selected to chemically crosslink PSI and Fd. The crosslinker was added to the mixture to make the final concentration 5 mM NHS and 2.5 mM EDC in a total volume of 50 µl. Equal volume (50 µl) of 20 mM glycine in 0.03% DDM was added to quench the crosslink reaction. 
Following this, a multi-layer sucrose gradient (three layers, 5%, 20% and 60% sucrose in 0.03% DDM, 0.1X PBS, pH7.2) was made in the Microfuge Tube (Beckman coulter Inc., Pasadena, CA). The crosslinking product was then loaded on the top of the sucrose gradient to separate free Fd from PSI and PSI-Fd crosslinked product using TLA-55 rotor (Beckman coulter Inc., Pasadena, CA) and OptimaTM Ultracentrifuge (Beckman coulter Inc., Pasadena, CA) at 150,000g for 2 hours. After sucrose gradient separation, 100 µL of the green layer (PSI and PSI-Fd complex) was isolated and mixed with 4X SSB and water bathed at 37⁰C for 30 minutes to denature the protein. The protein sample was then analyzed using 15% Tris-Glycine SDS-PAGE and immuno-detected by Western Blotting. The immunoblottings were probed with different antibodies, including anti-Fd, anti-PsaD and anti-PsaE (Baudry, 2014).
2.14 protein measurement
[bookmark: _Toc286145919]The amount of PSI (or PSI-Fd crosslinked product) that attached to the TiO2 nanoparticle was measure through its chlorophyll a concentration. The concentration of chlorophyll a was determined by chlorophyll extraction with 990 μl of 80% acetone and 10 μl of TiO2 sample. The mixture was vortexed and centrifuged at 20,000 g for 1 minute in a microcentrifuge to remove debris. Absorbance measurements were taken at 663 nm and used to calculate total chlorophyll content using the following equation (Arnon, 1949). 
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Appendix I. HPLC method for Te PSI purification (Iwuchukwu, 2011).
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