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Abstract


As the largest light-harvesting complex in cyanobacteria, phycobilisomes (PBSs) show high efficiency and a high rate of energy transfer, owing to an elegant antenna-like assembly. To understand the structural influence on the dynamic process of the energy transfer in PBSs, two cyanobacterium species Thermosynechococcus vulcanus NIES 2134 (T. 2134) and Synechocystis sp. PCC 6803 (S. 6803) with different rod–core-linked assemblies were chosen for this study. The dynamic process of the energy transfer in both PBSs was investigated through time-resolved fluorescence spectroscopy (TRFS) with a time resolution of sub-picosecond. Via the fluorescence decay curves deconvolution, the pathways and related rates of the excitation energy transfer (EET) were determined. Three time components, i.e., 10, 80, and 1250 ps, were identified in the EET in the PBSs of T. 2134 and three, i.e., 9, 115, and 1680 ps, in the EET in the PBSs of S. 6803. In addition, a comparison of the dynamic process of the energy transfer between the two cyanobacteria revealed how the PBS assembly affects the energy transfer in PBSs. The findings will provide insight into future time-resolved crystallography.
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1. Introduction


Cyanobacteria are the most ecologically important phototrophic bacteria on earth. They constitute a phylogenetically coherent group of morphologically and evolutionarily ancient diverse bacteria [1]. Cyanobacteria are characterized by their capability to photosynthesize. They synthesize PBSs as light-harvesting antennas composed of proteins that binding with various pigments. The PBSs exhibit extremely efficient light absorption and energy transfer properties [2]. Previous research has discovered the relationship between the intricate structural and functional organization of PBSs from cyanobacteria and their high energy transfer efficiency [3,4,5,6].



The geometry of a PBS molecule in cyanobacteria is an elegant antenna-like assembly, which is made up of phycobiliproteins (PBPs). A PBS molecule has a centrally located core composed of two to five allophycocyanin (APC), and in most cases surrounded by six to eight phycocyanin (PC) rods [7,8]. The mega architecture involves additional non-pigment-binding proteins called linker proteins (LP) [9], which are critical proteins for determining the directionality of excitation energy transfer [7]. The PBPs are assembled from subunits α, β. An α and β subunit combine into a monomer (αβ). A PC monomer involves three types of phycocyanobilin (PCB): α84, β84, and β155 [10,11,12], while an APC monomer involves only two types: β84 and α84 [13,14,15,16]. The monomers then assemble into trimers, hexamers, and further rods or cores, and finally form a complete PBS molecule.



Based on Förster resonance energy transfer (FRET) theory, researchers have proposed different mechanisms of excitation energy transfer (EET) between sub-complexes in cyanobacteria PBS. The chosen energy transfer pathways and energy transfer rate were determined by the relative distance between nearby chromophores and orientations of the dipole moments. Womick et al. showed a fast sub-picosecond EET component of 970 fs in the PC hexamer [17], Zhang et al. found a time component of 18 ps which described an EET pathway from a terminal PC trimer to the APC core [18]. Recently, Hirota et al. demonstrated the EET from the rod to the core and finally to the terminal emitter, taking place in a timescale from several ten picosecond seconds to nanoseconds within the PBS of Thermosynechococcus vulcanus by time-resolved fluorescence and pump-probe technique [19].



In most of the determined PC structures in cyanobacteria PBSs, the rod-like structures are hexamer–hexamer interactions. However, the thermophilic cyanobacterium T. 2134, consisting of three APC core cylinders surrounded by six PC rods, involves a special PC trimer (PC612) subunit that has been identified to date only in T. 2134 [20]. The special PC trimers locate at the terminal of the rods and fill the gap between the PC rods and the APC cores (Figure 1). Without forming (αβ)6 hexamers, the α subunit in the monomer of the special PC612 possesses a higher degree of flexibility. Moreover, the fact of PC612 isolation in conjunction with APC cores demonstrates the strong connection between the PC612 and the APC cores. As a result, the performance of energy transfer dynamics in T. 2134 PBS may alter due to the special PC trimer, especially the dynamics of the energy transfer between the PC rods and the APC cores. Although scientists have resolved the individual PBPs structures via crystallography [9,21,22], to the best of our knowledge, the T. 2134 PBS with complete structure has not been published. Thus, how the PBS assembly affects the energy transfer dynamics remains a mystery, and the structural foundations of energy transfer are still not well understood.



In this study, the PBS from T. 2134 with a special rod–core link structure was selected to investigate the structural induced energy transfer mechanism. Moreover, the PBS from S. 6803 with a similar PBS structure to that from T. 2134 was selected for comparison. The S. 6803 PBS is made up of three APC core cylinders surrounded by six PC rods, each consisting of three hexamers. The sequential energy flows in PBSs were provided by measuring both the steady-state and TRFS from T. 2134 and S. 6803 PBSs. The fluorescence decay curves at different emission wavelengths were deconvoluted for estimating the energy transfer components. In order to explore the structural basis of the energy transfer mechanism in a cyanobacteria PBS antenna, the differences between the energy transfer kinetics of the two cyanobacteria induced by the rod-core assembly were analyzed in detail.




2. Materials and Methods


2.1. Growth of Cyanobacteria and Isolation of PBSs


S. 6803 and T. 2134 were cultured at 22 °C constant low light illumination (40 w white tubes and light cycle 16 h, dark cycle 8 h) in BG11 medium. Contamination was inhibited by filtering the medium with 0.22 μm paper filters and the air supply with a cotton filter. PBSs from S. 6803 and T. 2134 were prepared according to the methods described in our previous studies [24] with modifications as follows: 0.75 mol·L-1 NaH2PO4-KH2PO4 buffer, PH 7.0 were added to cyanobacteria pellets, and then Phenylmethanesulfonyl fluoride (PMSF) were used as protease inhibitor on PBSs isolation. Shedding light is ensured for every step.




2.2. Detection of Steady-State and TRFS


A spectrophotometer (TU-1810, Persee) was used to record the absorption spectra, A spectrofluorometer (FL-4500, Hitachi) was used to measure the steady-state fluorescence spectra, and the radiation profile of a standard lamp was used to correct the spectral sensitivity of the fluorometer. The experiments were performed at room temperature (298 K).



A polychromator coupled synchroscan streak camera (C6860, Hamamatsu, Japan), with a time resolution of 700 fs, was used to measure the TRFS at 77 K, as shown in Figure 2. The PBSs samples were placed in a silica cuvette in the dark, frozen in liquid nitrogen. Glycerol was added to the PBSs samples as a cryoprotectant for 77 K spectral experiments. The pump source was a regenerative Ti:sapphire amplifier system (Legend Elite USP HE+, Coherent, Inc., Santa Clara, CA, USA), with output pulse laser at the wavelength of 570 nm, which brought about excitation of PBSs. The pulse duration is 35 fs and the pulse repetition rate is 1 kHz.




2.3. Analysis of the TRFS


With the temporal mode, we can obtain the fluorescence decay curves of PBSs. Then, we use a global optimization method to deconvolute the fluorescence decay curves [25]. The same lifetime parameters were used to analyze all the decay curves. The time resolution of fluorescence decay curves was approximately 2 ps after the deconvolution process. The FDAS was then provided by the amplitudes of the exponential components of the deconvoluted fluorescence decay curves as a function of emission wavelength [26].



The measured fluorescence was deconvolution after measurement by streak camera [27,28]. The measured fluorescence intensity F is described as:


  F  ( t )  = f ⊗ N = ∫ f  ( t )  N  (  t −  t ′   )    dt ′    



(1)




where f is the pump laser pulse. The theoretical fluorescence intensity N was considered with the form of a sum of multi-exponential:


  N  ( t )  = ∑  ε i  exp  (  − t /  τ i   )   



(2)







On the basis of a global optimization algorithm, the deconvolution procedure was then applied to fit the isotropic fluorescence [26]. Here, τi represents the fluorescence isotropic decay constant, and A denotes the amplitude of τi:


   I n   (   λ , t   )  =   ∑   i = 1  n   A i   (   λ i   )  exp  (  − t /  τ i   )   



(3)









3. Results


3.1. Steady-State and Transient-State Spectroscopy Results


The steady-state results of the two cyanobacteria PBSs at room temperature were obtained and analyzed in detail, as shown in Figure 3. For the PBS from S. 6803, its absorption spectrum at room temperature exhibited a peak at 621 nm and with a shoulder at 573 nm, both of which were attributed to the absorption of PCB chromophores. In contrast, for the PBS from T. 2134, its PCB exhibited a peak at 621 nm and with a shoulder at 570 nm, which was slightly different from those of the PBS from S. 6803. Nevertheless, the absorption peaks of PC612 were not detected via absorption spectroscopy inspection of a complete PBS. The fluorescence spectra of the two cyanobacteria PBSs were obtained upon excitation at 570 nm. Specifically, the PBS from S. 6803 exhibited a fluorescence peak at 667 nm, while the peak of the T. 2134 PBS was at 661 nm. The integrity of cyanobacterial PBS is testified by Figure 3, that terminal emitter 667 nm is the main fluorescence emission peak of isolated PBSs.




3.2. Time-Resolved Spectroscopy Results


The steady-state fluorescence spectra combine the emissions from all fluorescence components, which cannot provide the energy transfer kinetics among them. Thus, the TRFS of the PBSs from the two cyanobacteria were measured at 77 K and analyzed in detail. At the temperature of 77 K, molecular vibration, environmental influence such as solvent effect could be neglected, resulting in the precise reflection of energy transfer. This allows large signal-to-noise ratios and makes sure that the TRFS results are close to the assumptions of theoretical models for EET [29].



Figure 4 describes the TFRS of the PBSs from S. 6803 and T. 2134 at 77 K as color gradations. The color profiles represent the fluorescence intensity recorded at various delay times after excitation. Such representation helps us to understand the energy flow in a more conceptual way. The spectral changes in both PBSs are featured by the relative intensity of fluorescence components. At 570 nm, the excitation wavelength for PCB chromophores, the TRFS of both PBSs showed an initial spike of the PC fluorescence band at 640–660 nm, followed by the APC emission band around 680 nm. The APC band rose as PC emission decayed. Moreover, compared with the PBS of S. 6803, the PC and APC bands of the T. 2134 PBS showed less overlap, which means less chromophore fluorescence leaking during the energy transfer process between the rod and the core. The result may indicate that the energy transfer process between the rod and the core is modulated by PC612, which has strong interactions with the APC core. The changes of the relative fluorescence components intensities reflect the EET from PC to APC in both PBSs.



Changes in the fluorescence spectra could be observed much more clearly in Figure 5. The synchroscan technology was used and the time-resolved fluorescence was obtained. The PC band emissions at 640–660 nm were detected in the frequency domain of the spectra of both PBSs. For the PBS from S. 6803, the PC emission band was the dominating band. Its peak was located at around 660 nm initially and then slowly exhibited a redshift. In contrast, the APC emission band around 680 nm rose gradually, growing higher than the PC band after 120 ps. Next, the APC emission took precedence, and the PC band gradually decreased and finally disappeared after 600 ps, suggesting that the rods converted all the absorbed solar energy to the core. For the PBS from T. 2134, its PC emission was also the dominating emission at the beginning. Then, the APC band rose as the PC emission decayed. The intensity of PC emission became relatively low after 280 ps and disappeared after 500 ps, indicating that the EET process from rod to core in the PBS from T. 2134 is faster than that in the PBS from S. 6803.





4. Discussion


The deconvolution of time-resolved fluorescence decays curves was conducted to determine the fluorescence decay constants of the PBSs, adopting the Monte Carlo method for the experimental data process. The fluorescence intensity decay curves at the emission wavelength of 640, 650, 660, 670, 680, and 690 nm were selected for multi-exponential deconvolution. The fitting results of both PBSs were shown in Figure S1 (see Supplementary Materials). Here, the fluorescence intensity decay curves at the emission wavelengths of 660, 670, and 690 nm were selected for comparison, as shown in Figure 6.



Table 1 and Table 2 list the three time components τ and correspondent amplitudes A at different emission wavelengths. The fluorescence decay of the PBS from S. 6803 was found to fit the three exponentials of 9, 115, and 1680 ps well, and the fluorescence decay of the PBS from T. 2134 fitted the three exponentials of 10, 80, and 1250 ps well. The two short time constants describe the time constant of the EET process, while the longest one time-constants can be determined as the terminal fluorescent emission lifetime. The negative amplitudes suggest their corresponding components are the energy acceptors engaged in the uprising stage of fluorescence; otherwise, the components are energy donors engaged in the downturn stage of fluorescence.



Based on the deconvolution results, FDAS were obtained to reveal the dynamics of the energy transfer process in PBSs. In the FDAS, the positive factors indicate the kinetic fall of the excited populations, while the negative factors indicate the kinetic rise of the excited populations. The positive and negative bands coupling in the FDAS is a clear demonstration of the energy transfer from the positive-band pigments to the negative-band ones. Figure 7 shows the FDAS of the PBSs both from S. 6803 and T. 2134, and the decay constants are identical to the exponentials calculated by deconvolution for both PBSs.



For the PBS from S. 6803, the time component of 9 ps reflects the EET in the PC rod. Because at the blue side, the amplitude of FDAS is positive with a maximum around 650 nm, while at the red side with no negative value (Figure 7a). Recently, Hirota et al. also identified an EET pathway with a time of 7.3 ps in the PC rod [19]. The time component of 115 ps could be assigned to the time of EET from the PC rod to the APC core. Because at the blue side, the amplitude of the FDAS was positive with a maximum around 670 nm, then quickly turned negative at the red side with the minimum around 680 nm. Based on the fluorescence spectra of the S. 6803 PBSs, it is reasonable to assign a time component of 115 ps to the time of EET between the PC rod and APC core. Similarly, Holzwarth et al. [30] found an EET pathway from a PC rod to APC within 80–120 ps, depending on the rod length. The time component of 1680 ps reflects the fluorescence lifetime of the terminal emitter.



For the PBS from T. 2134, the time component of 10 ps was due to the transfer time of the pathways from PC612 to the APC core. Because at the blue side, the amplitude of the FDAS is positive with a maximum around 650 nm, while at the red side, the amplitude turns to be negative with a minimum around 680 nm (Figure 7b). According to the fluorescence spectra of PC612 (Figure S2), it is reasonable to assign the time component of 10 ps to the time of EET from PC612 and APC. Next, the time component of 80 ps could be assigned to the time of EET from the PC rod to the APC core. Because at the red side, the amplitude of the FDAS is positive with a maximum around 660 nm, then turns to be negative at 690 nm. The energy transfer time of 80 ps between the rod and the core is faster than that in the PBS from S. 6803. We believe that the special PC612 trimer, with strong conjunction to the APC core, speeds up the energy transfer rate between the rod and the core. The time component of 1250 ps reflects the fluorescence lifetime of the terminal emitter.



According to the results, a fast energy transfer rate of 10ps from the special PC612 trimer to the APC core was identified in the PBS of T. 2134. This unambiguously shows that the function of energy transfer is affected by the structure and assembly of the PBS. Compared to the PBS of S. 6803 with a similar structure, the strong connection between the PC612 trimer and the APC core within the PBS of T. 2134 build a new energy transfer pathway that enables a faster energy transfer from the rod to the core.




5. Conclusions


We investigated the dynamic process of EET among PBPs in the PBSs from two cyanobacteria species by using femtosecond FRTS and deconvolution method, giving the energy transfer pathways and the energy transfer time constants. The results indicate that differences in the rod–core assemblies can significantly affect the rod–core energy transfer dynamics in PBSs. Furthermore, the strong conjunction between PC612 trimers and the APC core leads to the fast energy transfer dynamics from the former to the latter. Moreover, the special PC612 trimer serves as a bridge to accelerate the energy transfer from the PC rods to the APC cores, which enables faster energy transfer from the rods to the cores. Furthermore, the energy transfer dynamics in the core are also altered by the trimer, ensuring that more energy is converted faster to PSII with less APC fluorescence emissions. The results of energy transfer dynamics from time-resolved PBSs spectroscopy will provide insight into future time-resolved crystallography.
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Figure 1. Architecture diagram of the rod–core assembly of PBSs from T. 2134 [23]. 
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Figure 2. Experimental setup for time-resolved spectra measurement. 1: fs Amplifier system; 2,3,5: mirror; 4: beam splitter; 6: OPA; 7: aperture; 8: attenuator; 9,12,13: lens; 10: cuvette; 11: cryostat; 14: streak camera. 
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Figure 3. Absorption and fluorescence spectra of PBSs from S. 6803 and T. 2134 at room temperature. 
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Figure 4. Time-resolved fluorescence spectra of the PBSs from (a) S. 6803 and (b) T. 2134 at 77 K. Excitation was set at 570 nm. 
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Figure 5. Evolution of the time-resolved fluorescence spectra of (a) S. 6803 and (b) T. 2134 at 77 K. The spectra were obtained at the time of 40, 80, 120, 160, 200, 280, 500, and 600 ps, respectively, after excitation. Excitation was set at 570 nm. 
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Figure 6. Fluorescence intensity decay curves and fitting results of PBSs from two PBSs at 77 K. The detection wavelength was set at 660, 670, 690 nm. Excitation was set at 570 nm. Triangles represent the experimental data of S. 6803, squares represent the experimental data of T. 2134, and colored lines represent the fitting results (labeled as S 660 with green line, S 670 with blue line, S 690 with violet line, T 660 with pink line, T 670 with red line, T 690 with orange line, respectively). 






Figure 6. Fluorescence intensity decay curves and fitting results of PBSs from two PBSs at 77 K. The detection wavelength was set at 660, 670, 690 nm. Excitation was set at 570 nm. Triangles represent the experimental data of S. 6803, squares represent the experimental data of T. 2134, and colored lines represent the fitting results (labeled as S 660 with green line, S 670 with blue line, S 690 with violet line, T 660 with pink line, T 670 with red line, T 690 with orange line, respectively).



[image: Crystals 11 01233 g006]







[image: Crystals 11 01233 g007] 





Figure 7. Fluorescence decay-associated spectra of the PBSs from (a) S. 6803 and (b) T. 2134. 
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Table 1. Deconvolution results for S. 6803. Excitation was set at 570 nm.
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	Eem/nm
	τ1/ps
	A1/%
	τ2/ps
	A2/%
	τ3/ps
	A3/%





	640
	12
	80
	93
	18
	1692
	2



	650
	11
	82
	127
	16
	1540
	2



	660
	9
	73
	150
	25
	1613
	2



	670
	8
	−4
	120
	62
	1291
	37



	680
	9
	−1
	116
	−10
	1869
	100



	690
	8
	−3
	88
	−1
	2088
	100



	Average
	9
	
	115
	
	1680
	










 





Table 2. Deconvolution results for T. 2134. Excitation was set at 570 nm.






Table 2. Deconvolution results for T. 2134. Excitation was set at 570 nm.














	Eem/nm
	τ1/ps
	A1/%
	τ2/ps
	A2/%
	τ3/ps
	A3/%





	640
	14
	48
	76
	48
	1099
	4



	650
	10
	70
	101
	26
	1123
	3



	660
	9
	−8
	63
	88
	929
	11



	670
	11
	−63
	104
	54
	1218
	46



	680
	10
	−90
	76
	4
	1744
	97



	690
	8
	−5
	66
	−3
	1369
	100



	Average
	10
	
	80
	
	1250
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