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In Synechocystis sp. PCC 6803 (S. 6803), two types of phycobilisome (PBS) complexes, CpcG-PBS and CpcL-PBS, function to harvest light energy for photosynthetic reaction centers (RCs), photosystem I (PSI) and photosystem II (PSII). The compositional differences between these two forms of PBS and their specificity for RCs have led to suggestions that they may differ in function. To address this question, we examined how PBS-RC interactions, and the transfer of excitation energy from PBS to RCs, might be adjusted under conditions where electron demand and photon availability are modulated. The CpcG-PBS, CpcL-PBS, and RC complexes were isolated from a S. 6803 strain defective in expression of flavodiiron 1 (oxygen reduction reaction 1, ORR1) grown under varied light regimes. The energy transfer preference from CpcL-PBS to either PSI or PSII was investigated by in vitro crosslinking and 77 K fluorescence emission spectroscopy to assess energy transfer efficiency under photoexcitation. While the results demonstrate that the transfer of excitation energy from CpcL-PBS favors PSI over PSII in WT strains as previously shown, the preference of CpcL-PBS switches from PSI to PSII in ORR1 strains. Surprisingly, this change in preference was reproduced when ORR1 CpcL-PBS was crosslinked with WT RCs, or when WT CpcL-PBS was cross-crosslinked with ORR1 RCs, indicating there are physical modifications to both PBS and RCs that mediate the preference switch. In contrast, the analysis with ORR1 CpcG-PBS shows similar preferences to WT. Additionally, PBS populations in ORR1 shifted to a greater proportion of CpcL-PBS relative to CpcG-PBS. These results demonstrate that under conditions where electron utilization changes, there is a tuning of the excitation energy allocation from CpcL-PBS to RCs to manage the energy distribution for photosynthesis under dynamic flux conditions.




Keywords: photosynthesis, light harvesting, phycobilisome (PBS), photosystem I (PSI), excitation energy transfer (EET)





Introduction

Photosynthetic organisms utilize light energy to generate low potential reducing equivalents required for reductive chemistry. In cyanobacteria, phycobilisomes (PBS) harvest light and transfer the excitation energy to nearby reaction center (RC) complexes, Photosystem I (PSI) and Photosystem II (PSII), to drive the charge separation reaction (Bryant and Canniffe, 2018). In Synechocystis sp. PCC 6803 (S. 6803), there are two different types of PBS, CpcL-PBS and CpcG-PBS (Kaneko et al., 1996; Kondo et al., 2005; Bryant and Canniffe, 2018). The major molecular composition difference between the two types of PBS is that CpcL-PBS has a simplified structure consisting of one rod with only phycocyanin, compared to CpcG-PBS which has a set of six rods and consists of phycocyanin (PC) and allophycocyanin (APC) pigments (Kondo et al., 2005; Kondo et al., 2007; Watanabe et al., 2014). Although both types of PBS can transfer excitation energy to PSI and PSII, fluorescence studies with PBS deletion mutant strains showed that CpcL-PBS prefers PSI while CpcG-PBS prefers PSII under normal growth conditions (Kondo et al., 2007; Mullineaux, 2008). The differences in composition between CpcL-PBS and CpcG-PBS and more recent findings of increased ferredoxin-NADP+ reductase (FNR) and linker protein in CpcL-PBS compared to CpcG-PBS (Liu et al., 2019) have raised questions around how functionality may differ between the two forms of PBS (Liu et al., 2019; Niedzwiedzki et al., 2019).

The capacity to adjust excitation energy capture, transfer and dissipation by PBS and RC complexes is a major contributor to how photosynthetic organisms acclimate to changes in light quality/quantity and other growth conditions. Cyanobacteria have evolved ways to manipulate the interactions between PBS and RC complexes such as chromatic acclimation (Montgomery, 2017; Hirose et al., 2019), changes in expression of light harvesting antenna and RC proteins (Walters, 2005; Kopečná et al., 2012), dissipation of photon flux by non-photochemical quenching (Wilson et al., 2007), and redistribution of excitation energy between PSI and PSII by state transitions (Calzadilla and Kirilovsky, 2020). In addition to the capacity to fine tune photon energy allocation, cyanobacteria have various pathways to distribute reductant generated by photosynthesis. While linear electron flow (LEF) utilizes PSII, cytochrome b6f, PSI and ATP synthase to provide ATP and NADPH for downstream metabolic processes (Arnon, 1959; Allen, 2002; Munekage et al., 2004), cyclic electron flow (CEF) transfers electrons from PSI back into the plastoquinone (PQ) pool through ferredoxin to produce the additional ATP required to support carbon fixation (Takahashi et al., 2013; Shikanai and Yamamoto, 2017). Additionally, alternative electron flow (AEF) can be utilized to partition electrons into biochemical pathways that couple to substrates other than CO2 and have different energetic requirements (Demmig-Adams and Adams III, 1992; Shikanai and Yamamoto, 2017). The existence of multiple electron pathways functions to provide a suite of mechanisms for cells to manage the capture and allocation of light energy with variations in electron flow.

Alternative electron accepting pathways downstream of PSI include an O2 reduction reaction (ORR) catalyzed by flavodiiron 1 (Flv1). Analysis of a S. 6803 mutant strains deficient in this pathway (ORR1) showed evidence of changes in PSI oligomeric, spectral, and photochemical properties, which were exasperated under fluctuating light (5 minutes 30 µmol photons m-2 s-1, 30 seconds 500 µmol photons m-2 s-1) (Vicente et al., 2002; Helman et al., 2003; Allahverdiyeva et al., 2013; Brown et al., 2020; Smolinski et al., 2022). Collectively, this work indicated a flexibility in the capacity to tune the generation and supply of photoexcited electrons at PSI. It remains unclear whether there are compensating changes in the preference for transfer of excitation energy from PBS to RCs under these conditions (Figure 1). Elucidating the molecular basis of how these mechanisms are interconnected will enable a better fundamental understanding of energy transformation in photosynthetic systems.




Figure 1 | Model of energy transfer preferences from CpcL-PBS (blue cylinder) to RCs (green ovals) in WT S. 6803 (top) and ORR1 (bottom). Unknown energy transfer preferences occur in the ORR1 strain, where the dashed lines represent the hypothesized transfer preferences examined in this study. Energy transfer from PBS to RCs is shown as arrows. Sun size indicates light quantity where small sun is moderate and large is increased photon flux.



To address if there is a change in preference of PBS for RCs to modulate excitation energy transfer under dynamic changes in electron demand, we investigated the energy transfer interactions between isolated PBS and RC complexes from the S. 6803 WT and ORR1 strains grown under moderate (30 µmol photons m-2 s-1) and fluctuating light regimes. Here we focused on assessing the preference for excitation energy transfer from CpcL-PBS to RCs, which we hypothesized adjusts to compensate in response to changes in light quality and electron flow demand. Using in vitro crosslinking to stabilize the interactions between the CpcL-PBS and RC proteins, we demonstrated that excitation energy transfer from CpcL-PBS to PSI, the preferred reaction in WT cells, was strongly attenuated in ORR1. This was accompanied by an increase in energy transfer to PSII compared with the WT strain. Crosslinking CpcL-PBS from one strain (e.g. WT) to the RC proteins from the other strain (e.g. ORR1) demonstrated that these adjustments in preference were retained, suggesting there are molecular determinants for the preference switch on both CpcL and RCs. These findings of dynamic energy transfer preferences of CpcL-PBS under conditions of modified electron utilization point to a functional role of CpcL-PBS in adjusting the management of light harvesting in response to dynamic conditions.





Materials and methods




Strains and culture conditions

Synechocystis sp. PCC 6803 WT and a strain deficient in ORR, ORR1, were used for experimentation. The ORR1 strain was generated by knocking out the flv1 gene encoding flavodiiron 1, as described in (Smolinski et al., 2022). Synechocystis sp. PCC 6803 WT and ORR1 strains were grown in 5 mM N-Tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES)-NaOH, pH 8.2 buffered BG-11 (Allen, 1968) media under continuous light (35 µmol photons m-2 s-1) at room temperature with 3% CO2. For the fluctuating light condition, cells were first grown under constant light of 35 µmol photons m-2 s-1 for 3 days, then shifted to cycles of 35 µmol photons m-2 s-1 for 5 min, and 500 µmol photons m-2 s-1 for 30 s, for a total of 4 days of growth.





Isolation of PSI monomer/PSII and PSI trimer fractions

Thylakoid membranes (TMs) were isolated from the cells similar to Li et al (Li et al., 1991). Briefly, all procedures were performed at 4 °C. Cells were spun down at 5,000 x g for 10 min, and the pellet was resuspended in buffer containing 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-NaOH, pH 7.5; 10 mM CaCl2; 10 mM MgCl2 and 10 mM NaCl (buffer A). Cells were lysed by three passes through a French Press cell, while kept on ice. After the cell lysate was spun down at 5,000 x g for 10 min, the supernatant was collected and then spun at 208,000 x g for 1 h (Type-70Ti rotor, Beckman Coulter). The pellet containing TMs was resuspended in buffer A to approximately 1 mg chl ml-1. TMs were incubated with 1% n-dodecyl-β-D-maltoside (DDM) (GoldBio) for 2 h in darkness, and the chlorophyll (chl) concentration was adjusted to 0.4-0.5 mg ml-1. Solubilized TMs were centrifuged at 12,000 x g for 20 min to pellet non-solubilized material. The supernatant was then loaded on to 5-30% (w/vol) linear sucrose gradient with buffer A containing 0.01% DDM. The gradient was centrifuged at 110,000 x g, overnight. Each colored fraction was carefully collected from the top of the sucrose gradient. The PSI monomer/PSII and PSI trimer fractions were further concentrated by 10 kD cutoff filter (Amicon Ultra-15, 10 kD cutoff, Sigma), subsequently flash frozen in liquid nitrogen and stored in -80°C freezer.





Isolation of CpcL-PBS and CpcG-PBS

CpcL-PBS was isolated from cells according to Hirose et al (Hirose et al., 2019). The following experiments were performed at room temperature (RT). The harvested cells were spun down at 5,000 x g for 10 min and then the pellets were resuspended in 0.85 M phosphate buffer, pH 7.0 twice. The cells were broken by passing through French press cell 3 times. The cell homogenates were centrifuged at 5,000 x g for 10 min. The supernatants were incubated with 2% (v/v) Triton X-100 and 0.5% (w/v) DDM in the dark for 45 min. After incubation, the mixtures were loaded onto 5-30% (w/vol) linear sucrose gradient with 0.85 M phosphate buffer, pH 7.0 containing 0.1% Triton and 0.1% DDM. The gradients were centrifuged at 110,000 x g at RT overnight. The colored fractions were carefully collected from the top of the sucrose gradient. The CpcL-PBS and CpcG-PBS were wrapped with foil and stored in 4°C fridge until further use.





SDS-PAGE

The PBS fractions were concentrated and exchanged into low phosphate buffer by 3 kD cutoff filter (Amicon, Ultra-0.5, 3 kD cutoff, Sigma) @ room temperature. Before denaturing the samples, the amounts of PBS were normalized to the same PC absorption peak. Proteins were incubated on ice with 20% (v/v) trichloroacetic acid (TCA) for 1 h and then spun down @ 17,300 x g for 30 min. The pellets were resuspended in 10% (v/v) TCA once then acetone twice by spinning the samples down @ 17,300 x g for 10 min. The final pellets were resuspended with 62.5 mM Tris-HCl pH 6.8, 2% (w/v) sodium lauryl sulfate, 5% (w/v) sucrose, 0.005% (w/v) bromophenol blue and 100 mM dithiothreitol and the mixtures were incubated at 65°C for 3 min. The reaction mixtures were loaded onto a pre-made gel (Any kD™ Mini-PROTEAN® TGX Stain-Free™ Protein Gels #4568124) and run for 30 min at 200 V.

The amounts of PSI were normalized to the same amount of chl concentration. Proteins were added to a 1:1 mixture with 2X SDS-PAGE sample buffer (Bio-Rad 2x Laemmli Sample Buffer #1610737) with 5% (w/v) 2-mercaptoethanol, and incubated for 10 minutes at 99°C. The sample mixtures were loaded onto a pre-made gel (Any kD™ Mini-PROTEAN® TGX Stain-Free™ Protein Gels #4568124) and run for 65 min at 120 V.





In vitro crosslinking of CpcL-PBS or CpcG-PBS and PSI monomer/PSII or PSI trimer

In vitro crosslinking experiments were performed similar to Hartmann et al (Hartmann et al., 2020). Isolated CpcL-PBS or CpcG-PBS were incubated with 500 µM 1,4-butanediol diglycidyl ether (BDDE) at 4°C for 3 h in the dark. The excess BDDE was removed by overnight dialysis (14 kD cutoff) to avoid potential crosslinking among RCs. Under this condition, only PBS was crosslinked with RCs. The concentrations of CpcL-PBS and CpcG-PBS from different strains growing under different conditions were normalized to 0.21 µM PC. The concentrations were determined by UV-Vis spectroscopy using an extinction coefficient for PC of ~3 × 105 M−1 cm−1 (Niedzwiedzki et al., 2019).

PSI monomer/PSII and PSI trimer fractions were normalized to the same estimated P700 content similar to Smolinski and Lubner et al (Smolinski et al., 2022). Fluorescence emission spectra at 77 K were measured with a Fluorolog-3 (HORIBA Scientific) using 450 nm excitation wavelength (excitation slit of 5 nm) and emission at 730 nm (emission slit of 1 nm), and isolated PSI samples at a chl concentration of 3 μg mL-1. Chl concentration was based on absorbance at 663 nm by diluting 10 μL sample in 990 μL methanol, A663 x (100/82). Maximum fluorescence emission intensity at approximately 718 nm and 685 nm were used to determine the ratio of chl in PSI and PSII. Estimated P700 was based on the amount of chl in the sample attributable to PSI. In the diluted PSI trimer samples, P700 (nmol) was determined by: (chl concentration of diluted sample ÷ 893.51) ÷ 95. P700 in the diluted PSI monomer samples (nmol) was determined by: [(chl concentration of diluted sample x (ratio for PSI: PSII x 95)) ÷ ((ratio for PSI: PSII x 95) + (ratio value for PSII, which is 1 x 35) ÷ 893.51] ÷ 95. The number of chl molecules in PSI monomeric unit: 95. The number of chl molecules in PSII: 35. The molecular weight of chl: 893.51 g mol-1. Estimated P700 in the stock PSI monomer or trimer sample (nmol) was based on the amount of chl, as determined by: [(nmol P700+ in diluted sample for fluorescence emission spectra samples) ÷ (3 μg mL-1 chl)] x (chl concentration of non-diluted PSI sample). In the samples for cross-linking analysis, the final chl concentration of PSI was 0.21 µM (i.e. estimated PSI content or chlPSI).

PBS and RC fractions were mixed in a molar ratio of PC-to-chlPSI equaling to 1:1. The mixture was incubated for more than 10 min at room temperature and used for further analysis.





Fluorescence spectra

Fluorescence excitation and emission spectra at 77 K were measured with a Fluorolog-3 (HORIBA Scientific). Whole cells (2.5 µg chl ml-1) or crosslinked PBS-RC samples (at concentrations indicated above) were transferred into a quartz EPR tube with 200 µL volume and slowly frozen in liquid nitrogen. Excitation wavelengths were 450 nm or 580 nm (slit width of 5 nm) to excite chl or PBS, respectively. The emission spectra were recorded between 600 nm and 850 nm or 750 nm (slit width of 1 nm) for whole cells or crosslinked samples, respectively.






Results




PBS composition and spectral characteristics

ORR1 strains cultured under standard photon flux (GL, 35 µmol photons m-2 s-1) conditions exhibited WT-like growth. However, under fluctuating light (FL, 35 µmol photons m-2 s-1 for 5 min with 500 µmol photons m-2 s-1 for 30 s) the growth rate of the mutant was attenuated, consistent with a mismatch between photon and electron flux (Smolinski et al., 2022). Whole cell 77 K fluorescence emission spectra suggested more energy directed toward PSII in ORR1 under either light regime (Supplementary Figure S1), indicating potential differences in PBS preferences however the reasons for this were not apparent from this data alone. A change in the composition of the PBS forms across the strains was observed by sucrose density gradients (Supplementary Figure S2), which shifted to an increased amount of CpcL-PBS in ORR1 GL and FL (Table 1). This observation is consistent with our hypothesis of CpcL-PBS having a greater role in managing photon and electron flow balance in this strain.


Table 1 | Ratio of PBS forms across strains used in this study.



To measure the potential changes of PBS complexes from WT and ORR1 strains, we used sucrose gradients to isolate CpcG- and CpcL-PBS in cells cultured under GL and FL conditions (Supplementary Figure S2). The absorption spectra of CpcL-PBS showed a PC peak at around 620 nm (Figure 2A). The 77 K fluorescence emission spectra of CpcL-PBS (Figure 2B), excited at 580 nm, displayed the typical CpcL-PBS spectral signatures at 650 nm, which is the blue PC rod, and 670 nm, which is the typical terminal emitter of CpcL-PBS. Aside from intensity changes, the data exhibit no obvious changes in the spectral characteristics of CpcL-PBS in ORR1 cells cultured under either light condition. SDS-PAGE analysis of isolated CpcL-PBS did not provide evidence of substantial compositional changes in ORR1 compared to WT (Supplementary Figure S3).




Figure 2 | Optical properties of isolated CpcL-PBS from WT and ORR1 strains. (A) UV/Vis absorption spectra of CpcL-PBS isolated from S. 6803 WT GL, ORR1 GL and ORR1 FL conditions, shifted to zero at 700 nm. (B) Fluorescence emission spectra of CpcL-PBS using an excitation wavelength of 580 nm. The sample concentrations were normalized to the approximate same PC absorption at 620 nm.







Energy transfer preference of CpcL-PBS shifts to PSII in ORR1

Having established that there is an enrichment of CpcL-PBS in ORR1, we utilized isolated CpcL-PBS and RC proteins (PSI monomer/PSII and PSI trimer) (Supplementary Figure S4) to assess whether there are changes in the preference for energy transfer between CpcL-PBS and RCs (Wilson et al., 2007). SDS-PAGE analysis of the isolated PSI monomer/PSII and PSI trimer fractions, did not indicate substantial compositional changes between WT and ORR1 (Supplementary Figure S5). Furthermore, our previous in vitro studies of ORR1 PSI showed no evidence of PSI photoinhibition (Smolinski et al., 2022). The ability of CpcL-PBS to bind and transfer energy to RCs was tested by in vitro crosslinking of PBS and RCs from the same strains, using normalized component levels (i.e., chlPSI and PC) (Supplementary Figure S6). We used 77 K fluorescence spectroscopy with excitation at 580 nm to detect CpcL-PBS excitation energy transfer to RCs as a relative intensity difference (Wilson et al., 2007). Because fluorescence yield can vary depending on the chemical environment of the components (Niedzwiedzki et al., 2019), we conducted all experimentation in the same buffer composition to limit artifactual intensity changes. The relative intensity differences in ORR1 versus WT that are observed in the 77 K fluorescence spectra (Figure 3) are consistent with a change in the CpcL-PBS preference for excitation energy transfer from PSI to PSII in ORR1 (Figure 3, Table 2). This change is further enhanced in ORR1 cultured under FL conditions.




Figure 3 | 77 K fluorescence emission spectra showing energy transfer from CpcL-PBS to PSI monomers and PSII, for PBS crosslinked with RCs from the same strains. WT GL CpcL-PBS crosslinked with WT GL PSI monomer/PSII (black), ORR1 GL CpcL-PBS crosslinked with ORR1 GL PSI monomer/PSII (blue), and ORR1 FL CpcL-PBS crosslinked with ORR1 FL PSI monomer/PSII (red). The excitation wavelength was 580 nm. The spectra are an average of two to three samples. Before in vitro crosslinking, the RCs were normalized to the same estimated PSI concentration, and the CpcL-PBS were normalized to the same PC concentration.




Table 2 | Summary of energy transfer preferences of CpcL-PBS from WT and ORR1, crosslinked with PSII and PSI monomer isolated from the same strain.



Our previous study found that the ratio of PSI: PSII remains similar for WT and ORR1 for both light regimes (Smolinski et al., 2022), demonstrating that the relative abundance of PSI and PSII does not change in whole cells. PSI content, however, shifts from primarily trimeric in WT (14% monomeric), to slightly increased monomeric in ORR1 GL (18%), to significantly increased monomeric forms in ORR1 FL (34%). This increase in PSI monomerization observed for ORR1 FL translates to an enrichment of PSI monomers relative to PSII in the PSI monomer/PSII fraction from ORR1 FL. Despite the increase in PSI monomer amount, we still observed a shift toward more energy transfer with PSII, displaying that the preference shift is independent of the total amount of RC present in the sample and rather depends on changes specific to the CpcL-PBS, RCs, and/or their interactions. Further supporting this interpretation is that WT and ORR1 GL, which have similar ratios of PSI monomers to PSII, display opposite behaviors with WT exhibiting a preference for PSI monomers as reported previously (Kondo et al., 2005; Kondo et al., 2007) and ORR1 GL preferring PSII. Furthermore, analysis of CpcG-PBS showed the energy transfer preference for PSII that is observed for WT was maintained in ORR1, under both light regimes (Supplementary Figure S7, Supplementary Table S1). Thus, the combined effects of variation in light and electron utilization on energy transfer during photosynthesis are isolated to changes in the CpcL-PBS interactions with RCs.

Excitation of crosslinked CpcL-PBS and PSI trimers isolated from ORR1 shows the peak PSI fluorescence emission intensities are similar to WT, but slightly decreased (Figure 4, Table 3). When compared to PSI monomers (Figure 3, Table 2), the lower peak intensities for PSI trimers could imply favored energy transfer from CpcL-PBS to PSI monomers than to PSI trimers.




Figure 4 | 77 K fluorescence emission spectra showing energy transfer from CpcL-PBS to PSI trimers, for PBS crosslinked with RCs from the same strains. WT GL CpcL-PBS crosslinked with WT GL PSI trimers (black), ORR1 GL CpcL-PBS crosslinked with ORR1 GL PSI trimers (blue), and ORR1 FL CpcL-PBS crosslinked with ORR1 FL PSI trimers (red). The excitation wavelength was 580 nm. The spectra are an average of two to three samples. Before in vitro crosslinking, the RCs were normalized to the same estimated PSI concentration, and the CpcL-PBS were normalized to the same PC concentration.




Table 3 | Summary of energy transfer preferences of CpcL-PBS from WT and ORR1 crosslinked with PSI trimer isolated from the same strain.







Both CpcL-PBS and RCs modulate energy transfer interactions

The differences in the observed excitation energy distribution in ORR1 versus WT strains might be due to modifications to the PBS or RC components in ORR1 that change preferences. To test this, we performed experiments where the PBS or RC component of ORR1 was crosslinked with the corresponding component from the WT strain and measured energy transfer as the fluorescence intensity. When WT CpcL-PBS was crosslinked with ORR1 PSI monomer/PSII (Figure 5, black dashed line), or ORR1 CpcL-PBS was crosslinked with WT PSI monomer/PSII (Figure 5, blue dashed line), there was a slight preference for PSII over PSI monomer (Table 4). The results are consistent with the preference observed for ORR1-only crosslinking experiments where CpcL-PBS preference is for PSII in ORR1 (Figure 5, blue solid line) but is reversed from the WT-only crosslinking experiment which shows preference for PSI (Figure 5, black solid line). These results demonstrate that determinants from both CpcL-PBS and PSI determine the preference change in ORR1. There was a greater amount of uncoupled CpcL-PBS (Figure 5, PBS peak at 650 nm) for cross-strain versus same-strain crosslinked reactions, further supporting that modifications to both components underpin the energy transfer activity.




Figure 5 | 77 K fluorescence emission spectra showing energy transfer from CpcL-PBS to PSI monomers and PSII for PBS crosslinked with RCs from the same strains (solid lines), and for PBS crosslinked with RCs from different strains (dashed lines). WT GL CpcL-PBS crosslinked with WT GL PSI monomers/PSII (black solid), ORR1 GL CpcL-PBS crosslinked with ORR1 GL PSI monomers/PSII (blue solid), WT GL CpcL-PBS crosslinked with ORR1 GL PSI monomers/PSII (black dashed) ORR1 GL CpcL-PBS crosslinked with WT GL PSI monomers/PSII (blue dashed). The excitation wavelength was 580 nm. The samples have the same PBS and PSI content. The spectra are an average of two to three samples.




Table 4 | Summary of energy transfer preferences of CpcL-PBS from WT and ORR1 crosslinked with PSII or PSI monomer isolated from the other strain.



The preference of CpcL-PBS to transfer energy to PSII over PSI monomers in ORR1 was also consistent when ORR1 CpcL-PBS was crosslinked to ORR1 RCs from the different light regimes (GL and FL) (Supplementary Figure S8, Supplementary Table S2). The crosslinking analysis of CpcG-PBS with RCs demonstrated that the preference for PSII over PSI was maintained for all strains under all light conditions (Supplementary Figure S9, Supplementary Table S3).






Discussion

Living in aqueous environments, Cyanobacteria usually face highly dynamic conditions with mismatches between photon and electron flux frequently occurring. Previously it has been shown that cyanobacteria could regulate the abundance of PBSs to adjust for environmental changes, for example under various light intensities or nutrient limitation conditions (Chitnis et al., 1995; Akhtar et al., 2022). However, whether there are mechanisms for balancing of photon flux between the RCs under changing conditions is not fully known. Here we studied energy transfer from PBS to RCs under the loss of a peripheral electron pathway and under increased and fluctuating photon flux. The outcome of this approach has revealed new insights into the control of PBS-RC binding preference and its functional role in adjusting excitation energy transfer in response to changes in electron utilization.

A key finding of our work is that mismatches in photon and electron flux, generated through the deletion of the ORR pathway, lead to pronounced changes in PBS composition and their preferences for reaction centers. We found increased levels of CpcL-PBS in ORR1 cultured under both GL and FL conditions compared with WT, and with emissive properties consistent with functionally intact PBS. While CpcG-PBS energy transfer preferences were unchanged between WT and ORR1 GL and FL, marked changes in CpcL-PBS preferences were observed in ORR1. Consistent with previous reports (Kondo et al., 2005; Kondo et al., 2007), we observed a preference for excitation energy transfer of CpcL-PBS with PSI in the WT strain. However, in ORR1 this behavior is altered to preferentially transfer energy to PSII over PSI monomers. When ORR1 cells are grown under FL conditions, which further intensifies the energy mismatch, the preference for PSII is more pronounced. Our previous work on the ORR1 strain highlighted several important modifications to PSI reaction centers, namely an increase in the monomeric form and decreased photooxidative capacity, which both became more pronounced under FL conditions (Smolinski et al., 2022). In the ORR1 strain, the population of PSI in the monomeric form is similar to WT under GL conditions (18% vs 14% for ORR1 and WT) but shifts to an increasing population of monomers (34%) under FL conditions (Smolinski et al., 2022). The stronger interaction between CpcL-PBS and PSI monomers in ORR1 GL vs ORR1 FL may arise from the tuning of PBS preferences to maintain energy transfer capacity with both PSI and PSII. When energy mismatch is severely affected as in ORR1 under FL conditions, the shift in CpcL-PBS preference is more pronounced for directing more excitation energy away from PSI and towards PSII. Therefore, the modification to the CpcL-PBS preferences in ORR1 could result from a need to re-direct photon energy toward other dissipative mechanisms in order to protect PSI when there is decreased electron utilization demand downstream of PSI.

CpcL-PBS retained the capacity to interact with PSI trimers, showing minimal differences between WT, ORR1 GL or ORR1 FL. While the fluorescence emission intensities showed overall lower emission from PSI trimers compared to PSI monomers, despite these experiments being performed at the same chlPSI concentration, the preference of CpcL-PBS for specific ORR1 PSI oligomeric forms remains unclear. On one hand, the increased emission intensity from PSI monomers (Figure 3) vs PSI trimers (Figure 4) suggests more energy transfer to PSI monomers, however the decreased emission from uncoupled PBS in the PSI trimer spectra could imply more efficient energy transfer to PSI trimers, particularly for ORR1 GL. Direct evaluation of the preference for PSI oligomeric form presents experimental challenges due to the lack of specific emission signatures from PSI monomers and trimers. In our experiments, the inclusion of PSII centers within the PSI monomer sample may obscure some of the contributions to the CpcL-PBS preference, i.e. direct comparison between PSI monomers and PSI trimers is not straightforward. Further investigation will be required to more clearly interrogate CpcL-PBS energy transfer with the various PSI forms.

Crosslinking experiments revealed that the modifications in preference were maintained when either CpcL-PBS or reaction centers from ORR1 under each light condition were used with the complementary components from WT, indicating physical alterations to the CpcL-PBS and RCs due to the lack of the ORR activity in this strain. Because the preference was maintained when the reverse pairing was utilized, this suggests that both the CpcL-PBS and the RCs are physically modified to support the altered interactions. This further suggests a dynamic adjustment in the relative abundance, structure, and interactions of multiple photosynthetic components in parallel to allow for the modulation of light harvesting and energy transfer. While further investigation is needed to explore potential structural and compositional adjustments in CpcL-PBS and PSI in ORR1, the evidence of differences in both CpcL-PBS and PSI in ORR1 provide insights into the complex dynamic relationships across components which coordinate to tune electron flux in the photosynthetic electron transport chain. Future work should include proteomic analyses of both the PBS and PSI components in ORR1 to elucidate the structural determinants underlying the observations of altered CpcL-PBS preference reported here. Specifically, post translational modifications, subunit depletions or alterations to subunit environments could be explored as possible mechanistic contributions to altered energy transfer or PBS/RC interaction properties.

The collective outcomes of this work demonstrate that there is a shift in the preference of excitation energy transfer from CpcL-PBS to PSII that functions as a mechanism to modulate the amount of excitation energy provided to PSI when there is a decreased demand for electrons downstream from PSI. In this way, CpcL-PBS can tune energy transfer in response to dynamic changes in electron flow, contributing to the photosynthetic energy management mechanisms available to the cell. As more knowledge is gathered regarding CpcL-PBS structural and functional properties (Liu et al., 2019; Niedzwiedzki et al., 2019; Liu, 2023; Zheng et al., 2023), together with the understanding of how the relative abundance and preferred energy transfer from PBS forms can be adjusted, advances in defining the molecular mechanisms that allow for the adaptive management of photosynthetic energy flux will be realized. In turn, this fundamental knowledge can inform the design of applied photosynthetic systems for renewable energy approaches (Nikkanen et al., 2020; Santos-Merino et al., 2021). Understanding the molecular mechanisms enabling cells to coordinate photon flux with electron flux is essential for optimizing cyanobacterial-based solar fuel conversion systems.
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