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ABSTRACT

The reduction rate of photo-oxidized Photosystem I (PSI) with various natural and artificial electron donors have been well studied by transient absorption spectroscopy. The electron transfer rate from various donors to P700+ has been measured for a wide range of photosynthetic organisms encompassing cyanobacteria, algae, and plants. PSI can be a limiting component due to tedious extraction and purification methods required for this membrane protein.  In this report, we have determined the in vivo, intracellular cyt c6/PSI ratio in Thermosynechococcus elongatus (T.e.) using quantitative Western blot analysis.  This information permitted the determination of P700+ reduction kinetics via recombinant cyt c6 in a physiologically relevant ratio (cyt c6: PSI) with a Joliot-type, LED-driven, pump-probe spectrometer. Dilute PSI samples were tested under varying cyt c6 concentration, temperature, pH, and ionic strength, each of which show similar trends to the reported literature utilizing much higher PSI concentrations with laser-based spectrometers.  Our results do however indicate kinetic differences between actinic light sources (laser vs. LED), and we have attempted to resolve these effects by varying our LED light intensity and duration. The standardized configuration of this spectrometer will also allow a more uniform kinetic analysis of samples in different laboratories. We can conclude that our findings from the LED based system display an added total protein concentration effect due to multiple turnover events of P700+ reduction by cyt c6 during the longer illumination regime. 
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Introduction and General Information

Photosynthetic Proteins and Bioenergy Applications

Photosynthetic reaction centers are chlorophyll (Chl) pigment–protein complexes capable of converting light energy into a stable charge separation. In oxygenic photosynthesis, Photosystem II (PSII) and Photosystem I (PSI) work in series to couple the splitting of water with the reduction of ferredoxin [1]. Whereas PSII has evolved to have a strong oxidizing potential, PSI has evolved to have a low potential acceptor that is capable of reducing NADP+ via the soluble Fe/S protein ferredoxin and the flavin protein FNR. In plants, some algae, and some cyanobacteria, the electron donor to photo-oxidized PSI (P700+) is plastocyanin, while in other cyanobacteria and algae a soluble c-type cytochrome (cyt c6 or cyt c553) serves as the donor [2]. There are many excellent reviews that cover the kinetics and thermodynamics of electron transfer of PSI [3–9], which are shown in Fig. 1. Considerable interest has recently been directed to the utilization of its charge separation with applied goals in solar energy applications such as hydrogen production [10,11] and generation of photocurrent in photovoltaic devices [12,13], exploiting the robust and highly efficient nature of PSI [14]. There have also been similar advances in the use of PSI for light driven hydrogen production and are addressed in other recent papers [11,15,16]. In this review we cover many of the recent advances in the utilization of PSI for photovoltaic purposes.

[image: PSIelectrodeScheme3.pdf]
Figure 1.
PSI-Based Bioenergy Applications

Versatility and power of PSI reaction centers 
PSI is an example of a Type I reaction center which has a different acceptor system than Type II reaction centers [17]. For example, Type I reaction centers, in contrast to the dual quinone acceptors, QA and QB, in the Type II reaction centers of purple bacteria and Photosystem II, have an FeS center that functions as the first stable acceptor (shown as FX in Fig. 1). This is similar to the reaction centers found in the green sulfur bacteria [18] and the heliobacteria [19]. Another feature of the Type I reaction center is that the special pair, P700 produces a much stronger electron donor when excited and P700* has a midpoint potential of −1.3 V whereas P870* and P680* are found in the purple bacteria and PSII only have midpoint potentials of −600 mV [20] and −650 mV [21], respectively. This more negative potential not only is a result of the chemical nature of the special pair but is also a consequence of the protein environment that coordinates these pigments and acceptors. The strong reductant produced by P700* allows this reaction center to directly drive the reduction of protons into H2 via a hydrogenase [22,23] or nanocatalyst [10,24,25]. These properties make PSI the source of the most powerful reductant in biological electron transfer [14,26–28]. It is this strikingly large negative midpoint potential that has attracted our lab and others to investigate the use of PSI as the preferred electron donor for applied photosynthetic purposes such as photosynthetic hydrogen production and photovoltaics [24,25,29–38]. Another interesting feature of PSI is the observation that the redox potential of the primary electron donor P700 special pair can vary considerably between organisms [39]. Using comparative biochemical analysis their work has demonstrated that P700 can have a potential that varies by over 70 mV. This work also suggests that the molecular environment of P700 may be quite responsive to bioengineering such that the energy levels of the primary charge separation may be “tuned” to the energy levels of either the electron donor or the electron acceptor. This ability to adjust the energy levels may be used to both enhance the kinetics of electron transfer as well as reduce the loss of free energy due to large over potentials. This potential versatility in electrochemistry will enable new, non-biological materials to be incorporated into future device design. Finally, another attractive feature of PSI is the recent demonstration that the absorption properties of this reaction center can be varied based on the chlorophyll composition and the organism from which it is isolated. For example, it was shown in Acaryochloris marina, which contains predominately Chl d, the reaction center special pair P740 (most likely a dimer of Chl d [40]) is shifted ~40 nm to the red [41]. This finding would suggest that the discovery of more photosynthetic organisms would enable the optical properties of PSI to be further tuned. This is the precise design that has been invoked by a recent review by Blankenship et al. [42] where they propose that a two photosystem solar cell could be constructed to allow both the extraction of electrons from water via a PSII-like or biomimetic system and hydrogen production using a second, PSI-type reaction center. By shifting the absorption properties of PSI into the red region, these two photosystems will not compete for the same spectral region and will thus be able to harvest more of the solar spectrum, enabling a higher external quantum yield. It appears that PSI provides considerable variability both in its optical properties and in its redox potentials that may help facilitate future device design and optimization.                                                    

PSI structural advantages

Availability of high-resolution structural data	
Although the photosynthetic reaction center was the first membrane protein to have its structure determined in 1984 [43,44], it was nearly 20 years before the structure of PSI was determined at 2.5 Å [45] and several more years before the first PSII structure was determined [46]. Both photosystem structures were determined initially from thermophilic cyanobacteria, Thermosynechococcus elongatus or closely related organism Thermosynechococcus vulcanus. T. elongatus for example, has many advantages such as a fully sequenced genome, amenability to genetic transformation, and ability to undergo homologous recombination. In most cyanobacteria the PSI complex is a trimer as shown in Fig. 2A. As a trimer, the MW of PSI is nearly a megadalton, and each monomer contains 12 subunits (PsaA–F, PsaI–M, PsaX) and many cofactors, including 22 carotenoids, 96 chlorophylls, 2 phylloquinones, 3 Fe4S4 clusters, 4 lipids, and ~200 water molecules. More recent work has indicated that the trimer may contain over 330 chlorophyll molecules [47]. In addition to the high-resolution X-ray structure of PSI, there are many TEM single particle structures [48,49] and even some high-resolution AFM structures of the PSI complex in native membranes [50,51]. Recently, time resolved crystallography has been performed using femtosecond X-ray protein nanocrystallography. This method uses very bright femtosecond pulses from a hard-X-ray free-electron laser to generate a large number of single-crystal X-ray diffraction patterns that each provides a “snapshot” of the protein as a function of time [52], which would allow the capture of millions of diffraction patterns from individual PSI nanocrystals. This technique also has the potential to avoid the significant problem of radiation damage characteristic of normal X-ray crystallography since the laser pulses are too short to generate degradation. This advantage is particularly attractive to photosynthetic complexes since they are particularly sensitive to radiation damage. In addition to the cyanobacterial PSI complex, there have also been several structures determined from higher plants. The first structure from Pisum sativum var. Alaska was resolved to 4.4Å resolution (Fig. 2B) [53]. A higher resolution was later achieved using a PSI complex from spinach to a resolution of 3.4 Å [54]. Both of these structures were part of a supercomplex that contained both the PSI reaction centers as well as four of the light harvesting complexes, LHCPa–d. Collectively, this complex contained 17 protein subunits, 168 chlorophylls, 2 phylloquinones, 3 Fe4S4 clusters and 5 carotenoids. Unlike trimers found in cyanobacteria, higher plant PSI complexes exist in nature as a monomer (Fig. 2). Finally, there are many structures of the individual subunits made available by NMR or X-ray analysis, which provide insight into the structural determinants of redox potentials and/or the individual protein dynamics. These reports include the primary donor cytochrome c6 [55], the soluble electron acceptors ferredoxin [56] and flavodoxin [57] and finally the individual stromal domain subunits PsaC [58], PsaD [59], and PsaE [60]. As a result of this abundance of X-ray, NMR, TEM, and AFM data, the opportunity to make highly tailored site-directed mutations and gene fusions is unsurpassed. This high level of structural insight combined with the ever expanding molecular genetic tools for gene editing [61–63] and the emerging tools for synthetic biology [64–66], provides researchers with a tremendously powerful toolkit for manipulating PSI
for applied photosynthesis.

Surface access to electron acceptors 
Regardless of the oligomeric nature of PSI, a common feature is the presence of an extramembraneous domain known as the “stromal hump”. This domain protrudes out from the membrane and is composed of three subunits, PsaC, PsaD, and PsaE. These subunits are composed of loosely packed beta strands and some short alpha helices, yet none of the subunits contain a membrane spanning element as shown in Fig. 3. Fig. 4A–D shows that this domain is quite similar in both cyanobacteria and higher plants. Unlike the Type II reaction centers in purple bacteria and PSII, the organization of the cofactors associated with electron transfer (specifically FX, FA and FB) is quite close to the surface of PSI permitting rapid electron transfer to the soluble electron transfer components ferredoxin and flavodoxin [67]. As shown in Fig. 3A–D these iron sulfur centers are in close proximity to the surface of PSI. In fact the FeS centers from both FA and FB are within 5–11 Å from the surface throughout the stromal hump. This close distance will allow relatively rapid electron transfer to a host of acceptors including not only the native electron acceptor, ferredoxin/flavodoxin [67] but also non-native electron acceptors such as MV [68] organic semiconductors such as C60 [69] and inorganic semiconductors such as TiO2 and ZnO [33]. Some of these electron acceptors are schematically shown in Fig. 5. An additional advantage of the non-membrane spanning nature of the stromal hump is the relatively straightforward means to replace these subunits in vitro. This design feature of PSI provides many opportunities for further bioengineering since these subunits can be both easily removed and replaced using Escherichia coli expressed proteins in vitro (PsaC, PsaD and PsaE) [70–73]. This may allow the powerful tools of synthetic biology in E. coli to be applied to PSI without having to develop an entirely new synthetic biology toolkit for a photosynthetic organism. In addition, certain mutations or subunit modifications that may disrupt the photosynthetic process in vivo may still be obtained via this in vitro re-assembly process, as was recently demonstrated with the introduction of ZnO and TiO2 binding domains to PsaD and PsaE of T. elongatus [12]. However, it may still be preferred to have an in vivo method of making these changes since the process of reassembly may never be complete and could lead to heterogeneity in the PSI complex, lowering the efficiency of a device.

Interaction with diverse electron donors 
Although both PSI and PSII accept electrons from their lumenal surface, PSI is distinct in that it is quite promiscuous in terms of a viable electron donor. P680 in PSII, upon photo-oxidation, receives its electrons from the oxygen-evolving complex that is attached peripherally to the lumenal surface. Although this enables water to function as the electron donor to PSII, it is also a relatively labile system, which is easily photo-damaged with a high turnover rate and must be repaired frequently [74,75]. PSI on the other hand is much more robust and can also accept electrons from a wide range of proteins including the native electron donors, cytochrome c6 and plastocyanin [76], organic redox compounds such as dichlorophenol indophenol (DCPIP) [77], synthetic redox-active organometallic complexes such as Os(bpy)2Cl2 [78], Au surfaces [79], self assembled alkanethiols attached to Au [80], and graphene [81]. This ability to accept electrons from a diverse set of donors is shown schematically in Fig. 5, and we demonstrate the re-reduction of P700 using some of these various donors after photobleaching via flash photolysis (Fig. 6). However, in many cases these systems need to be in a high molar excess to keep up with the rapid electron transfer reactions with PSI. Future works will fine-tune both the electrochemistry and the interactivity of these systems to facilitate the highest PSI turnover with the least energy loss due to an over potential.

Availability of multiple oligomeric forms 
Interestingly, unlike the non-oxygenic, monomeric bacterial reaction centers, photosynthetic reaction centers in oxygenic organisms are found as monomers (plant PSI), dimers (all PSII), trimers (most cyanobacterial PSI), and tetramers (few cyanobacterial PSI). Cyanobacterial PSI trimers have been reported in many published works [49,82–92], and the only existing crystal structure of a cyanobacterial PSI, from T. elongatus BP-1 (T. elongatus) [93], suggests that cyanobacterial PSI preferentially forms a trimer. Supporting this idea is the observation that cyanobacterial PSI trimers have been reported in almost every subclass of cyanobacteria. The most well characterized PSI trimers are from Synechocystis, Synechococcus, and Thermosynechococcus, where PsaL is needed for PSI trimerization in these cyanobacteria [94–97]. In contrast, plant PSI is monomeric in the presence of PsaL, possibly due to interaction with the PsaH subunit that is not found in cyanobacteria [98–100]. The fact that PSI can come in two oligomeric states (monomer and trimer) provides an advantage for increasing the density of PSI in a device. The trimer yields a very high local concentration, yet due to its high molecular weight, high coverage or penetration will be difficult. By using both the trimer and monomer forms of PSI, it may be possible to get increased coverage as demonstrated in Fig. 7. This configuration shows a random deposition of PSI trimers on a gold surface that is then further treated with a second deposition of PSI monomer, increasing the coverage by 35%.

Thermo-tolerance and extended stability 
One of the advantages of PSI is the availability of well-characterized and easily cultivated thermophilic strains of cyanobacteria such as T. elongatus [101]. This organism is capable of growth at temperatures up to 60 °C and was the source of the first crystal structure for PSI [45]. In addition, this protein complex has been shown to have a thermotolerance of up to 70 °C based on the protein structure as reflected by circular dichroism spectrometry [10]. This extreme thermal tolerance may be an attractive trait when PSI is integrated into various solid-state devices or solar cells that may be subject to high temperatures during illumination. Moreover, it has been shown that PSI isolated from both cyanobacteria and plants remains photochemically active in a solid state for over 21 days [102], in an aqueous hydrogen producing bioreactor for over 85 days [10], and in a wet electrochemical cell for over 280 days [103]. It should be noted that in both of these studies the activity of the PSI complex was nearly unchanged after months of continuous testing. This robust stability makes it very difficult to estimate the true functional longevity and stability of PSI, however it is expected that it will be affected by various conditions including spectral variations, light intensity, and temperature [11].

Ability to genetically engineer PSI
Oxygenic photosynthesis is the primary energy source on Earth, capturing solar energy via absorption by Chl a/b, with water photolysis as the electron donor providing reducing equivalents for the fixation of atmospheric levels of CO2 into hydrocarbons. Cyanobacteria, commonly called blue/green algae, containing only Chl a, are the only prokaryotes capable of using solar energy to support oxygenic photosynthesis. As prokaryotes, most of the well-established genetic tools of bacterial genetics are applicable to cyanobacteria, making it considerably easier to genetically engineer than eukaryotic photosynthetic organisms such as green algae and plants. With this advantage, considerable progress has been made over the past thirty years to engineer many strains of cyanobacteria including but not restricted to the model organism Synechocystis PCC #6803 [104–106]. More recently, however, the powerful tools of molecular and synthetic biology have been directed to bioengineering cyanobacteria for a host of new bioenergy and environmental applications, including biohydrogen production [107–112], advanced CO2 sequestration [113], production of next generation biofuels [114–117], and various bioactive/value-added compounds [118–120]. Not surprisingly, one of the first areas to attract the application of molecular biology and genetic engineering of cyanobacteria was the ability to perform gene knockouts, gene replacement and site-directed mutagenesis [121–123]. These techniques were broadly applied to the analysis of the photosystems and in particular Photosystem I, which demonstrated the robust ability to be manipulated. For example, nearly all of the PSI subunits have been either deleted or genetically altered in some form including PsaA/B [124,125], PsaC [126–128], PsaD, PsaE [129,130], PsaF [131,132], PsaI [133], PsaJ [134,135], PsaK [136], PsaL [122] and PsaM [136]. In addition, there has been considerable effort to optimize both the interactions with the primary donors cytochrome c6 and plastocyanin [137] and the terminal acceptor ferredoxin [138]. Future work on integrating PSI into photovoltaic devices will require progress in bioengineering to facilitate specific attachment of the reaction centers to different types of surfaces, including semiconductors and catalysts [139,140].
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Literature Review
							
In oxygenic and anoxygenic photosynthetic organisms, photosynthetic electron transport requires a soluble electron carrier protein to couple the process of electrogenic proton pumping via the b6f/bc1 membrane complex with the light activated charge separation associated with the reaction center of Photosystem I [1].  In oxygenic cyanobacteria and algae, two separate metallo-proteins have evolved to perform this physiological role, a heme-containing protein, cytochrome c553 (also called cyt c6), and a type 1 copper protein, plastocyanin (PC) [2]. Despite no sequence or structural similarities, both proteins have reversible 1-electron metal redox centers and are capable of binding to the luminal side of PSI in the thylakoid membrane and donating an electron to P700+ [3].  Although functionally interchangeable, cyt c6 is considered to be the original, ancestral protein and is still found in primitive, thermophilic cyanobacteria [4, 5]. However, as iron became limited in aquatic environments following the great oxygenic event [6], evolution yielded an alternative, copper containing electron donor, PC, which reduced the dependence of these photosynthetic organisms on scarcely available iron. In some algae both cyt c6 and PC genes still exist with PC being primarily expressed under iron-limiting conditions [7]. In vascular plants only PC has been shown to reduce PSI, although there is a cyt c6-like protein expressed in Arabidopsis [8], this protein is unable to donate electrons to P700+ [9]. 
	Direct reduction of the oxidized special pair (P700+) by these soluble donors occurs on the luminal surface of PSI.  This electron transfer step has been previously studied with a variety of eukaryotic and prokaryotic systems, both in vivo and in vitro with isolated proteins, along with artificial donors to P700+ [10-12]. Previous kinetic models have suggested that there are three mechanisms for P700+ reduction by either PC or cyt c6: oriented collision, complex formation, and complex formation with interface rearrangement [13]. These models have been proposed as evolutionary intermediates in the optimization of surface interactions between donor and acceptor proteins, with less specificity in cyanobacteria systems increasing affinity in the interactions of algal and higher plant systems [14-17]. 
The rate of P700+ reduction has been characterized mainly by laser-based flash absorption spectroscopy at various wavelengths, characteristic of either donor or acceptor proteins [17-19]. Reported rate constants vary from micro- to milli- second lifetimes with varying interpretations fitting with single, biphasic [20], and three component [21] exponential models typically under pseudo-first order kinetics. Moreover, this variation still holds even when comparing the kinetics of different cyanobacterial systems, where multi-phasic rate differences are dependent on species, measurement apparatus, protein concentration, temperature, ionic strength, and mutations of protein surface charges [22-24]. 
In this work we have characterized the in vitro kinetics of P700+ reduction using purified PSI and recombinantly expressed cyt c6 from the thermophilic cyanobacteria Thermosynechococcus elongatus.  In order determine the relevant range of the intracellular cyt c6 to PSI ratio, we have also conducted a quantitative Western blot analysis using known amounts of purified recombinant cyt c6 and PSI subunits (PsaD and PsaF) that were used to standardized the signal from intact T. elongatus cells probed with polyclonal antibodies (α-PsaD, α-PsaF, α-cyt. c6) (S. Figure 1 & Figure 1).
The in vitro flash-photolysis characterization was then performed using a Biologic JTS-10, a Joliot-type LED pump-probe spectrometer (Biologic SAS, Claix, France).  Similar to traditional laser based flash-photolysis systems, the JTS utilizes an actinic source of light to photo-oxidize (bleach) the special pair chlorophyll, P700, of PSI. The sample cuvette is positioned in front of the main detector that has a 705 nm filter, which only experiences the probe light (705 nm) and not the actinic beam. The probe beam is also split so that a secondary reference detector sees the same amount of detection light as the main detector, minus what is absorbed by the sample. The probing of the detection light allows us to monitor the amount of light being absorbed by P700 before and after the actinic flash. The recovery of the Abs705 nm curve back to the pre-actinic flash baseline indicates that the photo-oxidized P700 is being reduced by cytochrome c6 (P700+  P700). 
Although this instrument does not have the kinetic resolution of laser-based systems with shorter actinic flashes, it is capable of resolving the cytochrome c6 reduction kinetics of T. elongatus P700+ as a recovery from the bleaching of the ground state at 705 nm or as the appearance of the absorbance of P700+ at 810 nm.  The compact size, ease, affordability, and high sensitivity of this instrument make it ideal for measuring many of the parameters that affect the kinetics of electron transport in vitro and possibly in the field. The common design and solid-state nature of the JTS-10 will permit many labs to compare results using a common instrument. We have been able to determine the effect of donor concentration, temperature, ionic strength, pH, and total protein on this electron transfer process.  The reduction kinetics fit well to a two-phase recovery with half-lives of the fast and slow phase of 6.7 and 62.3 ms respectively (Figure 5A, 10:1 trace).  We are currently exploring models to explain the observed two-phase kinetics.  In addition, through site-directed mutagenesis we are making selective amino acid changes that may increase the affinity and stability of interactions between the PsaF (lumenal PSI subunit) and cyt c6.  Since we are working in vitro we do not need to be constrained by the physiological need to cycle between the b6/f complex and PSI, thus we can maximize the interaction between PSI and cyt c6 and thereby enable higher yield of either photosynthetic hydrogen production or photocurrents in vitro. 
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Materials and Methods
Growth of T. elongatus
The thermophilic cyanobacterium T. elongatus BP-1 was grown in 2-l airlift fermenters (Bethesda Research Labs) in nitrilotriacetic acid (NTA) media. The temperature was held at 55 8C with continuous illumination by fluorescent lights. The light level was increased as the cultures approached higher densities to a maximum of 50 mE m22 s21. Cells were collected during late log phase by centrifugation for 10 min at 7,000g, and washed once in wash buffer (20 mM 2-(N-morpholino)ethanesulphonic acid (MES) pH 6.5, 5 mM MgCl2 and 5 mM CaCl2) before storage at 220 8C until use for PSI preparation.

Isolation of PSI
Frozen cells were resuspended in wash buffer and 500 mMsorbitol.
The resuspended cells were adjusted to a chlorophyll a content of 1 mg ml21 and
homogenized using a Dounce homogenizer. Lysozyme was added to 0.2% (w/v) and the mixture was incubated for 2 h at 37 8C with shaking. The resulting mixture was centrifuged for 10 min at 7,000g and the light blue supernatant was discarded. The pellet was resuspended in the wash buffer. The volume was adjusted again so that the chlorophyll a concentration was 1 mg ml21; the mixture was then passed twice through French Press (Amino) at a cell pressure of 20,000 psi. The highly fluorescent lysate was centrifuged at _50,000g for 20 min, and the supernatant was discarded. The crude membrane fragments collected in the pellet were washed in wash buffer supplemented with 3 M NaBr and then twice in the initial wash buffer. The final washed membrane fragments were adjusted to a chlorophyll a concentration of 1 mgml21 and dodecyl–maltoside (DM) was added to a final concentration of 0.6% w/v and the mixture incubated for 20 min at 20 8C in darkness with gentle stirring. The insoluble material was removed from the solubilized membrane mixture by centrifugation at 50,000g for 30 min. The supernatant was separated immediately from the pellet and then loaded onto 10–30% sucrose gradients with 60% cushion; all solutions in the gradient also contained 20 mM MES pH 6.5 and 0.03% DM. Density gradient centrifugation was performed at _80,000g at 10 8C for 16 h. The
lowest green band contained the trimeric PSI complex; these bands were collected and pooled using a large syringe. Pooled PSI samples were slowly diluted fivefold by addition of 20 mM MES pH 6.5 with 0.03% DM (w/v), and then loaded onto a POROS 20HQ (Applied Biosystems) anion exchange column and eluted with a linear 0 to 400 mM MgSO4 gradient. The MgSO4 was removed by dialysing against 20 mM MES pH 6.5, 500 mM CaCl2, 500 mM MgCl2 and 0.03% DM, and aliquots were stored at 280 8C for future use.

Western Blots
The psaD and cyt c6 gene was cloned from T. elongatus genomic DNA. A synthetic codon-optimized DNA fragment encoding the psaF N-terminal 45 residues (D24 - E68) from T. elongatus was purchased (Epoch Life Science, Inc., Missouri City, TX). Both psaD and psaF sequences were cloned into pTYB2 vector, and the gene product was expressed and purified from E. coli using the IMPACT system (New England Biolabs, Ipswich, MA). Polyclonal antibodies were produced in rabbits (Pocono Rabbit Farm, Canadensis, PA) following immunization and boosting with the recombinant cytochrome c6, PsaD, and PsaF. 
Western blot analysis was performed on T. elongatus intact whole cells along with recombinant proteins were separated using the same 15% SDS PAGE gel and transferred onto Immobilon-P Transfer Membrane (Millipore) using a graphite electroblotter (Idea Scientific, Minneapolis, MN). Immobilon-P was blocked for 3 hrs in TBS buffer with 0.1% Tween-20, 2% BSA, and 2% NFM.  After blocking, incubation with primary antibodies (α-PsaD 1:50,000, α-PsaF 1:10,000, α-cyt. c6 1:5,000) was done in the same buffer overnight at 4°C. Three washes with TBS-Tween (2% NFM) were performed before a 1 hr incubation with a goat anti-rabbit IgG HRP secondary antibody (1:50,000). Final visualization was achieved with SuperSignal West Dura Extended Duration Substrate (Thermo Scientific).
 For each antigen a standard curve of 3-5 concentrations were used and a range of cell numbers were tested on a single blot. This permitted a standard curve to be generated and 3-4 independent concentrations determined. All measurements were repeated three times to provide a final N-value of 12-15 for each antigen.

JTS-10 Configuration and Data Collection
Basic configurations of JTS utilize an “Orange Ring” array of LEDs (630 nm peak emission) for the actinic source at 3000 μE/m2/s intensity (unless otherwise noted), with the probe LEDs either at 705 nm or 810 nm (including interference filters at the respective wavelengths). Data collection consists of 15 discrete points (500 ms apart) to establish a pre-actinic flash baseline, followed by 200 points of post-actinic flash, exponentially increasing from 60 μs to 10 s. The first 15 points (pre-actinic flash) and the last 10 points are used for a linear regression of each sample trace (S. Figure 2). Data shown are an average of three individual traces with a subtraction of a non-actinic trace, accounting for any actinic activity given off by the probe LEDs.  Data analysis and curve fitting were performed using GraphPad Prism ® software.
Sample Setup for JTS-10
Samples are comprised of purified T. elongatus PSI at 3 μg chlorophyll/ml or ~35 nM (assuming 96 chl a/PSI), with a 10-fold molar excess of recombinantly expressed T. elongatus cytochrome c6 as described previously (Iwuchukwu et al. 2010) [25]. The sample mix also includes 2 mM sodium ascorbate, 0.1 mM methyl viologen, 5 mM MgCl2, 5 mM MgSO4, brought up to 1 mL of 20 mM MES buffer (pH 6.4) with 0.03% n-Dodecyl-β-D-maltoside (Glycon Biochemicals, Germany).

Laser Flash Photolysis
Kinetic experiments at 830 nm were performed on an in-house constructed system similar to that of Xu et al. 2003 [45]. For the detection beam, a Newport 150 mW diode was used. For single turnover excitation, a Spectra Physics Q-switched Nd:YAG laser was frequency doubled to 532 nm to provide a saturating laser flash with pulse width of 6-9 ns. The power of each laser pulse reaching the sample and the light reaching the detector was limited using neutral density filters. Data sets were averaged 8-32 times with 5 s between each laser flash. Signals were detected with an OSI Optoelectronics PIN-10D photodiode and were amplified using a Femto DHPCA-100 High Speed Variable Gain Amplifier. Signals were digitized and recorded using a Tektronix 3012B oscilloscope and a LabView® program written in-house. Data sets were fitted with 1st, 2nd, and 3rd order exponential models in Prism ®. 




[bookmark: _Toc420995908][bookmark: _Toc422997495][bookmark: _Toc427156478][bookmark: _Toc428278485]

Results and Discussion

	In our investigation of the electron transfer between recombinantly expressed T. elongatus cytochrome c6 and purified PSI, we utilized a pulsed LED spectrometer to monitor the reduction profile of P700+.  As seen from the results we can conclude that with adequate light intensity and duration, the system reaches a maximal ΔAbs705nm or saturation level of P700 oxidation.  The rate of P700+ reduction was monitored as a function of electron donor (cyt c6) concentration, resulting in a recovery curve exhibiting two kinetic components. This suggested either two competing processes or a multiple step process of P700+ reduction. At ~35 nM PSI, we see that the slower component closely resembles that of the overall or combined rate constant, k observed (kobs), increasing linearly with higher amounts of cyt c6, suggesting a predominantly diffusion driven system. The faster component was negligible accounting for ~10% of the total decay amplitude.  Reported rate constants for P700+ reduction by cyt c6 of T. elongatus range from 1.7 x 106 (M-1 s-1) [22] to 5.9 x 106 (M-1 s-1) [35], in which the variability can be attributed to variations in sample set-up and measurement conditions.  The linear increase in the kslow and kobs indicates that this system is either at dilute sub-saturating concentrations of cyt c6 or the interaction is collisional and saturation is not expected.
With previous reports suggesting that cyanobacterial PSI lacks specificity for its electron donor [14], we are surprised to see the bi-phasic nature of the P700+ reduction kinetics since the interaction appears to be collisional.  This suggested an instrument/light source specific origin where the longer actinic duration in the millisecond time frame is the main factor. 
	This is further supported by the same trend in rate increase as we raised the measurement temperature from 5 to 60 °C. The activation energy (Ea) can be further extrapolated by plotting the rate increase on an Arrhenius plot, which yielded a higher Ea for lower cyt c6 concentrations. This suggested more energy is required for this reaction when lower electron donor is present.
	The dependence of P700+ reduction kinetics was then investigated as a function of pH; we then created a pH profile showing the highest rate at pH 5.5, which steadily decreases as the pH is raised to 8.2. This correlated with previously described results [18, 32, 33], all of which seem to agree the lower the pH gives the donor protein a favorable charge with their pI’s all fairly lower than 7.  Depending on the source organism, this will vary with regards to any electrostatic surface charges of cyt c6 and the respective PsaF subunit on the lumen of PSI [16, 36]. Along with a pH effect, we also see that the rates can be affected by varying the sample buffer composition, between MES and TES. This has been observed in other studies dealing with similar proteins to generate a difference in end-product yield (H2) [37, 38]. 
	Molecular crowding or total protein density can impact kinetic rates via two contributions.  One, large macromolecules will occupy more volume, creating an increased effective concentration, thereby increasing reaction rates. The other opposing effect is that the higher viscosity results in decreased protein diffusion [38, 39]. Many kinetic models have been described for the donor/PSI interaction, with variability being attributed to the different source organisms [13, 14, 40].  In eukaryotes, the electron donor to PSI is predominantly acidic, interacting with a well conserved positively charged docking site on the N-terminus of PSI’s PsaF subunit via electrostatic interactions [15, 41].  This has been suggested by previous studies to result in a biphasic kinetic rate where the electron transfer of the preformed donor/PSI complex gives rise to the initial fast phase and the following slow phase is attributed to donor/PSI complex formation [13, 15, 42].  This is not the case for cyanobacterial systems however, where a simpler diffusion based collisional mechanism is thought to exist for electron transfer from donor to PSI, suggesting the kinetic rates would be better fitted to monophasic model in single-turnover experiments that utilizes an actinic laser [43]. 
	In further analyzing the longer flash duration used in the JTS-10, we see that the light history, along with total protein concentration plays a role in determining the kinetic behavior of the system.  As both protein concentrations are increased, keeping the cyt: PSI ratio constant, we see an added effect of increased rates. To compare our results with multiple turnovers, we performed flash photolysis with a laser system with an actinic flash duration of only 6-9 ns, allowing only a single turnover of P700. In this analysis, even with a similar rate of P700 recovery, we are able to see only one phase, which would represent a simple collision rate of cyt c6 to P700 as dominated by the second order rate constant of complex formation.  We attribute this kinetic difference to the relatively long actinic light source duration where the system will undergo multiple P700 turnovers of oxidation/reduction. 
During prolonged illumination, P700 is photo-oxidized very rapidly, and the majority of the P700 population accumulates in oxidized state regardless of cyt c6 concentration. In this regime, the oxidized P700+ may have a different affinity for cyt2+ and in any case as its concentration is increased and the equilibrium is shifted toward complex formation. The cycle of (cyt 2+ + P700+   cyt3+ + P700) can have various contributing rates (Figure 9).   If k-2 < k3 < k1, the complex will arrive at a nonzero concentration dependent steady state and k3 will become directly observable.  As the total protein concentration increases, the complex formation between cyt2+ and P700+ is also favored, further increasing the pool of [cyt: P700], leading to a higher percentage of the fast k3 phase being observed versus the slower complex formation of k2.  Within one 5ms P700 oxidation/reduction cycle, it is suspected that the conversion of cyt2+ to cyt3+ is much less than 10% of the total [cyt c6], where ascorbate is in excess, leading to cyt2+ depletion to be insignificant. The inverse also holds true when we decrease the protein concentration to more dilute conditions and the percent of the fast phase lowered with each dilution where the cyt: P700 pool is lessened (Figure 9 & Table 1). While these observations differ from single-turnover laser-based observations, the sensitivity is much greater, requiring much less sample, and more importantly, the direct observation of the first-order decay of the electron transfer is possible. This situation is precluded by the single-turnover experiment, which requires a sequential formation of each population, of which the first is a relatively low probability event, and eliminates the observation of the second faster step.
	We find that although the variation exists between our LED based JTS-10 configuration and a laser-based system, the ability to conduct experiments at lower protein concentrations is a significant advantage of the simpler system as demonstrated (Figure 4 & Table 1).  However we should add that for experiments with sub-microsecond characteristic times, the ability of the laser-based systems coupled with ultrafast detection will still be the most appropriate [44-47].  However, the ability to use a common commercially available instrument with fixed optical and detector specifications for these kinetic measurements will enable a more direct comparison between labs worldwide. 
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