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Elucidating inter-protein energy transfer dynamics within the antenna network from purple bacteria
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Photosynthesis converts sunlight to chemical energy. In photosynthetic purple bacteria, absorbed light energy is first transferred within a network of antenna proteins, known as light-harvesting complex 2 (LH2), to reach the reaction center, which initiates the biochemical reactions. While the energy transfer dynamics of individual LH2 have been extensively studied over the past decades, the dynamics within the antenna network are poorly understood due to its heterogeneous and dynamic nature. Previously reported timescales were averaged over such heterogeneity, obfuscating individual LH2to-LH2 energy transfer steps. Here, by embedding two LH2 into a near-native membrane disc, known as a nanodisc, we isolate and interrogate the organization and dynamics of protein pairs. We integrate ultrafast broadband transient absorption spectroscopy with cryo-EM microscopy to find an inter-protein energy transfer of 5.7 ps across 25 Å, which is the typical distance between neighboring LH2 in the membrane. The measured timescale represents the fast energy transfer between protein pairs in the antenna network, and simulations show these fast energy transfer steps can increase transport distances by 50% Overall, our results introduce a framework for well-controlled studies of inter-protein energy transfer dynamics, and suggest the closely-packed protein pairs serve as the primary pathway for LH2-to-LH2 energy transfer.

P hotosynthesis converts light energy to chemical energy to support nearly all life on Earth with a remarkable near-unity quantum efficiency [START_REF] Van Grondelle | Energy transfer and trapping in photosynthesis[END_REF][START_REF] Pullerits | Photosynthetic light-harvesting pigment-protein complexes: Toward understanding how and why[END_REF][START_REF] Fleming | Femtosecond spectroscopy of photosynthetic lightharvesting systems[END_REF][START_REF] Mirkovic | Light absorption and energy transfer in the antenna complexes of photosynthetic organisms[END_REF][START_REF] Hu | Pigment organization and transfer of electronic excitation in the photosynthetic unit of purple bacteria[END_REF]. The high efficiency is achieved through a network of antenna proteins that absorb sunlight and then rapidly transport the resultant photoenergy over distances of nm to reach reaction centers for charge separation. While nanometer-scale energy transfer within individual antenna proteins has been extensively characterized [START_REF] Fleming | Femtosecond spectroscopy of photosynthetic lightharvesting systems[END_REF][START_REF] Sundström | Photosynthetic light-harvesting: Reconciling dynamics and structure of purple bacterial LH2 reveals function of photosynthetic unit[END_REF][START_REF] Monshouwer | Excitations and excitons in bacterial light-harvesting complexes[END_REF][START_REF] Hess | Energy transfer in spectrally inhomogeneous light-harvesting pigment-protein complexes of purple bacteria[END_REF][START_REF] Ogren | Impact of the lipid bilayer on energy transfer kinetics in the photosynthetic protein LH2[END_REF][START_REF] Tong | Comparison of the energy transfer rates in structural and spectral variants of the B800-850 complex from purple bacteria[END_REF][START_REF] Hess | Temporally and spectrally resolved subpicosecond energy transfer within the peripheral antenna complex (LH2) and from LH2 to the core antenna complex in photosynthetic purple bacteria[END_REF][START_REF] Hess | Femtosecond energy transfer within the LH2 peripheral antenna of the photosynthetic purple bacteria Rhodobacter sphaeroides and Rhodopseudomonas palustris LL[END_REF][START_REF] Fidler | Probing energy transfer events in the light harvesting complex 2 (LH2) of Rhodobacter sphaeroides with twodimensional spectroscopy[END_REF][START_REF] Jimenez | Electronic excitation transfer in the LH2 complex of Rhodobacter sphaeroides[END_REF][START_REF] Herek | B800→B850 energy transfer mechanism in bacterial LH2 complexes investigated by B800 pigment exchange[END_REF][START_REF] Pullerits | Temperature dependence of excitation transfer in LH2 of Rhodobacter sphaeroides[END_REF][START_REF] Joo | Dynamics in isolated bacterial light harvesting antenna (LH2) of Rhodobacter sphaeroides at room temperature[END_REF][START_REF] Kennis | Femtosecond dynamics in isolated LH2 complexes of various species of purple bacteria[END_REF][START_REF] Ihalainen | Energy transfer in LH2 of Rhodospirillum molischianum, studied by subpicosecond spectroscopy and configuration interaction exciton calculations[END_REF][START_REF] Pullerits | Exciton delocalization length in the B850 antenna of Rhodobacter sphaeroides[END_REF][START_REF] Schlau-Cohen | Single-molecule spectroscopy reveals photosynthetic LH2 complexes switch between emissive states[END_REF], energy transport on the tens to hundreds of nanometer distances relies on inter-protein energy transfer.

However, these energy transfer steps have been more challenging to probe due to the number of proteins involved, their heterogeneous organization, and their overlapping spectral features [START_REF] Scheuring | Chromatic adaptation of photosynthetic membranes[END_REF][START_REF] Scheuring | Nanodissection and high-resolution imaging of the Rhodopseudomonas viridis photosynthetic core complex in native membranes by AFM[END_REF][START_REF] Scheuring | Variable LH2 stoichiometry and core clustering in native membranes of Rhodospirillum photometricum[END_REF][START_REF] Frese | The long-range organization of a native photosynthetic membrane[END_REF]. As a result, many open questions remain about inter-protein energy transfer and how it gives rise to efficient yet long distance energy transport.

Purple bacteria are one of the most efficient classes of photosynthetic organisms and serve as model organisms for studies of photosynthetic light harvesting due to their well separated spectral features [START_REF] Blankenship | Comparing photosynthetic and photovoltaic efficiencies and recognizing the potential for improvement[END_REF]. Their primary antenna protein, light-harvesting complex 2 (LH2) or the B800-850 complex, is formed from subunits that assemble into an octameric, nonameric, or decameric cylindrical structure [START_REF] Scheuring | Variable LH2 stoichiometry and core clustering in native membranes of Rhodospirillum photometricum[END_REF][START_REF] Cogdell | The structural basis of light-harvesting in purple bacteria[END_REF][START_REF] Bahatyrova | The native architecture of a photosynthetic membrane[END_REF][START_REF] Cogdell | The structure and function of the LH2 (B800-850) complex from the purple photosynthetic bacterium Rhodopseudomonas acidophila strain 10050[END_REF]. Each subunit binds one carotenoid and three bacteriochlorophyll a (BChla), which form two concentric rings upon assembly. One 25 of the rings, denoted B800, consists of one BChla from each [START_REF] Blankenship | Comparing photosynthetic and photovoltaic efficiencies and recognizing the potential for improvement[END_REF] subunit and absorbs at 800 nm whereas the other, denoted 27 B850, consists of two BChla from each subunit and usually 28 absorbs at 850 nm [START_REF] Cogdell | The architecture and function of the light-harvesting apparatus of purple bacteria: From single molecules to in vivo membranes[END_REF][START_REF] Mcluskey | The crystallographic structure of the B800-820 LH3 light-harvesting complex from the purple bacteria Rhodopseudomonas acidophila strain 7050[END_REF][START_REF] Koepke | The crystal structure of the lightharvesting complex II (B800-850) from Rhodospirillum molischianum[END_REF][START_REF] Papiz | The effect of growth conditions on the lightharvesting apparatus in Rhodopseudomonas acidophila[END_REF]. While these absorption features 29 are typically observed, in some species the B850 ring blue-30 shifts to 820 nm under stress conditions due to a single amino acid substitution that restructures the hydrogen bonding net-32 work between the protein and the BChlas [START_REF] Cogdell | The architecture and function of the light-harvesting apparatus of purple bacteria: From single molecules to in vivo membranes[END_REF]34,[START_REF] Mascle-Allemand | Antenna mixing in photosynthetic membranes from Phaeospirillum molischianum[END_REF]. This 33 low-light variant of LH2 is known as LH3 or the B800-820 34 complex [START_REF] Mcluskey | The crystallographic structure of the B800-820 LH3 light-harvesting complex from the purple bacteria Rhodopseudomonas acidophila strain 7050[END_REF][START_REF] Chmeliov | Excitons in the LH3 complexes from purple bacteria[END_REF]. For all variants, energy rapidly transfers 35 from the B800 to the B850 ring and around the B850 ring 36 (3, 6-20, 30, 37-42).

After absorption and relaxation within LH2, energy trans-38 fers between the LH2 to reach light-harvesting complex 1 39 (LH1), which encircles the bacterial reaction center (RC) 40 [START_REF] Fleming | Femtosecond spectroscopy of photosynthetic lightharvesting systems[END_REF][START_REF] Cogdell | The architecture and function of the light-harvesting apparatus of purple bacteria: From single molecules to in vivo membranes[END_REF][START_REF] Yoneda | Ultrafast photodynamics and quantitative evaluation of biohybrid photosynthetic antenna and reaction center complexes generating photocurrent[END_REF][START_REF] Ma | Temperature dependent LH1→RC energy transfer in purple bacteria Tch. tepidum with shiftable LH1-Qy band: A natural system to investigate thermally activated energy transfer in photosynthesis[END_REF][START_REF] Ma | Excitation dynamics of two spectral forms of the core complexes from photosynthetic bacterium Thermochromatium tepidum[END_REF][START_REF] Schlau-Cohen | Determination of excited-state energies and dynamics in the B band of the bacterial reaction center with 2D electronic spectroscopy[END_REF]. LH2 and LH1-RC are held together in 41 the photosynthetic membrane in heterogeneous organizations

Significance Statement

Purple bacteria are one of the most ancient photosynthetic organisms and have evolved to perform light harvesting with near 100% quantum efficiency. Their high efficiency is achieved through rapid and efficient transport of absorbed solar energy across multiple light-harvesting proteins to reach the reaction center. Therefore, transport over long distances with high efficiency is a critical design parameter of photosynthetic light harvesting. Understanding this parameter requires that the dynamics and mechanism of energy transfer between light-harvesting proteins be resolved, but this crucial step has been experimentally inaccessible. Here, we incorporated two light-harvesting complexes from Phaeospirillum molischianum, LH2 and LH3, together into a near-native membrane disc and characterized their structural organization and energy transfer, identifying rapid energy transfer between the protein pairs. Corresponding simulations revealed the fast transfer within these pairs can enhance energy transport distances by 50%, pointing to these pairwise interactions as a key mediator of long distance energy transport. and protein ratios, which further vary with growth conditions [START_REF] Hu | Pigment organization and transfer of electronic excitation in the photosynthetic unit of purple bacteria[END_REF][START_REF] Frese | The long-range organization of a native photosynthetic membrane[END_REF]34). To understand the energy transfer dynamics within the protein network, energy transfer timescales between LH2 and between LH1 and LH2 have been measured. Timescales of 2-10 ps were determined for LH2 to LH1 energy transfer [START_REF] Hess | Temporally and spectrally resolved subpicosecond energy transfer within the peripheral antenna complex (LH2) and from LH2 to the core antenna complex in photosynthetic purple bacteria[END_REF][START_REF] Cogdell | The architecture and function of the light-harvesting apparatus of purple bacteria: From single molecules to in vivo membranes[END_REF][START_REF] Yoneda | Ultrafast photodynamics and quantitative evaluation of biohybrid photosynthetic antenna and reaction center complexes generating photocurrent[END_REF][START_REF] Zhang | Pathways of energy flow through the lightharvesting antenna of the photosynthetic purple bacterium Rhodobacter sphaeroides[END_REF][START_REF] Nagarajan | Excitation energy transfer between the B850 and B875 antenna complexes of Rhodobacter sphaeroides[END_REF][START_REF] Lüer | Tracking energy transfer between light harvesting complex 2 and 1 in photosynthetic membranes grown under high and low illumination[END_REF] and ∼5 ps for LH2-to-LH2 energy transfer [START_REF]Nature of disorder and inter-complex energy transfer in LH2 at room temperature: A three pulse photon echo peak shift study[END_REF]. However, because LH2-to-LH2 energy transfer does not have any associated spectral changes, the timescale of this step was only indirectly resolved. Furthermore, these measurements were performed in vivo or on isolated membrane segments, which exhibit significant heterogeneity in the inter-protein distances. Energy transfer is expected to depend sensitively on the inter-protein distance, and so the reported values likely represent averages over a range of underlying timescales. Therefore, the specific timescales for protein-toprotein energy transfer have not yet been measured, despite their key role in long distance energy transport.

D R A F T

In this work, we isolate and interrogate energy transfer between LH2 variants by reconstituting LH2 and LH3 from Phaeospirillum (Ph.) molischianum together within a discoidal model membrane, known as a nanodisc (Fig. 1A), and measuring the LH3-to-LH2 energy transfer timescale within the nanodiscs. Nanodiscs are self-assembled discoidal lipid bilayers with well-controlled diameters and protein composition, and thereby provide a near-physiological yet homogeneous membrane-protein system [START_REF] Denisov | Nanodiscs for structural and functional studies of membrane proteins[END_REF][START_REF] Denisov | Nanodiscs in membrane biochemistry and biophysics[END_REF][START_REF] Hartley | Lipid bilayer nanodisc platform for investigating polyprenol-dependent enzyme interactions and activities[END_REF]. Using cryogenic electron microscopy (cryoEM), we characterized the structural organization of the LH2 variants within the nanodiscs and find that the closest distance between the low energy BChlas is ∼25 Å which is the canonical distance between neighboring LH2s within the native photosynthetic membrane, in vivo. [START_REF] Scheuring | Chromatic adaptation of photosynthetic membranes[END_REF][START_REF] Sturgis | Atomic force microscopy studies of native photosynthetic membranes[END_REF][START_REF] Olsen | The organization of LH2 complexes in membranes from Rhodobacter sphaeroides[END_REF][START_REF] Gonçalves | Architecture of the native photosynthetic apparatus of Phaeospirillum molischianum[END_REF]. Using transient absorption (TA) spectroscopy, we Interestingly, two types of structures emerged from the analysis. One is similar to the native arrangement in which the BChl bands of each LH protein face the same side of the lipid bilayer as the BChl bands of the neighboring protein (hereafter, "parallel") as shown in the top row of Fig. 2. The second is a non-native arrangement in which the BChl bands of each LH protein face the opposite side of the bilayer as the bands of the neighboring protein (hereafter, "anti-parallel") as shown in the bottom row of Fig. 2. Notably, the antiparallel structure dominates our sample, accounting for ∼85% of total particles analyzed. In addition to the apparent flip in orientation, the anti-parallel structure also shows a vertical displacement between neighboring proteins of ∼12Å along the perpendicular axis to the membrane plane (Fig. 2B,E). As a result of this displacement, the two low energy bands in the anti-parallel structure remain at nearly identical distances between the closest inter-complex BChl pairs as in the parallel structure, with values of 24.8Å and 25.3Å, respectively. Both of these values are on par with the canonical LH2-LH2 literature distance measured by Atomic force microscopy (AFM) [START_REF] Scheuring | Variable LH2 stoichiometry and core clustering in native membranes of Rhodospirillum photometricum[END_REF][START_REF] Gonçalves | Architecture of the native photosynthetic apparatus of Phaeospirillum molischianum[END_REF][START_REF] Scheuring | Watching the photosynthetic apparatus in native membranes[END_REF], thus indicating the biologically-relevant distance was probed. Theoretical calculations (Table S5) show that the similar distances yielded energy transfer timescales within error, suggesting that the presence of two structures does not impact the measurements of inter-protein energy transfer.

D R A F T

Inter-protein energy transfer between LH2 variants. To probe extract the inter-protein energy transfer timescale, LH2 DLDs The timescale of the second component was 6.6 ps for LH2 DLDs and 8.1 ps for LH3 DLDs, and was assigned to vibrational relaxation. The final component exhibited a similar spectral profile and decayed on a ∼1.3 ns timescale, which is the approximate fluorescence lifetime of the LH2 variants. The time constants and their associated spectra are consistent with previous work [START_REF] Ogren | Impact of the lipid bilayer on energy transfer kinetics in the photosynthetic protein LH2[END_REF][START_REF] Tong | Comparison of the energy transfer rates in structural and spectral variants of the B800-850 complex from purple bacteria[END_REF][START_REF] Ihalainen | Energy transfer in LH2 of Rhodospirillum molischianum, studied by subpicosecond spectroscopy and configuration interaction exciton calculations[END_REF][START_REF] Markus | Low-intensity pump-probe measurements on the B800 band of Rhodospirillum molischianum[END_REF].

The spectra were also fit using a a three-step kinetic model in which, after photoexcitation of B800, (1) energy transfers from B800 to B850, (2) B850 undergoes vibrational relaxation, and (3) B850 relaxes to the ground state (SI Appendix, Fig. S9A). Single wavelength transients were taken at 2.5 nm intervals from 790 nm to 880 nm and globally fit to the kinetic model. The extracted time constants and spectral profiles were consistent with the components from the global analysis.

For the LH3-LH2 DLDs, LH3-to-LH2 energy transfer is also present. In the spectra from the LH2-LH3 DLDs, energy transfer can be observed. As shown in Fig. 3B, the GSB/SE signal at ∼830 nm from the B820 band decays with a corresponding rise in the GSB/SE signal at ∼860 nm from the B850 band. In order to extract the energy transfer time, the TA data was fit through the single wavelength kinetics, as the complexity of the data precluded direct fitting via global analysis. Due to the stochastic nature of the disc self-assembly process, the LH2-LH3 DLDs samples contain a mixture of LH2 DLDs, LH3 DLDs, and LH2-LH3 DLDs. Therefore, the the intermediate regime appropriate for photosynthetic lightharvesting apparatuses, i.e., the inter-bacteriochlorophyll distances give rise to interactions between the far-field and nearfield limits [START_REF] Mukai | Theory of rapid excitation-energy transfer from B800 to opticallyforbidden exciton states of B850 in the antenna system LH2 of photosynthetic purple bacteria[END_REF][START_REF] Sumi | Theory on rates of excitation-energy transfer between molecular aggregates through distributed transition dipoles with application to the antenna system in bacterial photosynthesis[END_REF][START_REF] Cleary | Optimal thermal bath for robust excitation energy transfer in disordered light-harvesting complex 2 of purple bacteria[END_REF][START_REF] Ma | Förster resonance energy transfer, absorption and emission spectra in multichromophoric systems. I. full cumulant expansions and system-bath entanglement[END_REF]. For the ∼25 Å distance extracted from the CryoEM structures, the theoretical rate is 4.4 ps -6.8 ps (see SI Appendix), similar to the experimental value of 5.7 ps. The good agreement between experiment and theory also illustrates that, even for inter-protein energy transfer, the far-field regime breaks down due the nanoscale distances involved.

Theoretical energy transfer timescales were also compared for LH3-to-LH2 and LH2-to-LH2 energy transfer (Table S5). Similar timescales and distance scaling were observed, confirming that LH3-to-LH2 energy transfer captures the behaviors associated with energy transfer amongst the LH2 variants in the membrane.

Energy transfer in the heterogeneous membrane. The LH3to-LH2 timescale extracted from the LH3-LH2 DLDs corresponds to the canonical energy transfer between LH2 variants within the membrane, as the proteins are held together in a closely-packed organization through the facilitating nanoconfinement of the nanodisc. In AFM images of the photosynthetic membrane [START_REF] Scheuring | Chromatic adaptation of photosynthetic membranes[END_REF], instances of similar inter-protein distances were seen as illustrated in Fig. 4B. However, along with these closely-packed protein pairs, a range of other distances were observed within the heterogeneous protein network. In previous indirect measurements, an LH2-to-LH2 energy transfer timescale of ∼5 ps was found [START_REF]Nature of disorder and inter-complex energy transfer in LH2 at room temperature: A three pulse photon echo peak shift study[END_REF], similar to the 5.7 ps timescale extracted from the LH2-LH3 DLDs.

To investigate the importance of neighboring protein pairs in long distance energy migration, the energy transport dis-D R A F T tance was simulated using a hexagonal organization, which is a respectively; and (iii) random distances of 2.5 nm within a 295 lattice of 5 nm distances. In all arrangements, an average 296 inter-protein distance of 4.8 nm was maintained.

297

As shown in Fig. 4, the simulations revealed a ∼70% 298 increase in transport distances for the heterogeneous arrange-299 ments (ii, iii) over the equivalent arrangement (i). A small 300 (∼2.5%) increase in transport distance was also observed for 
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motion of the B800-850 LH2 complex from Rps. acidophila at 2.0 å resolution and 100 K: New structural features and functionally relevant motions. J. Mol. Biol. 326, 1523-1538 (2003).

Fig. 1 .

 1 Fig. 1. Characterization of LH2-LH3 DLDs. (A) Cartoon image of LH2 (red) and LH3 (orange) embedded in a nanodisc. The lipid bilayer (light gray) is held together by ApoE422K belting protein (gray ribbons). (B) TEM image of nanodiscs. The scale bar (white line) is 100 nm. (C) Histogram of nanodisc size distribution from TEM images. The nanodiscs are 17.4 ± 3.5 nm in diameter. (D) SDS PAGE of nanodisc sample showing belting protein and LH2 and LH3 subunits. (E) Linear absorption spectrum of doubly-loaded LH2 (red), LH3 (orange), and LH2-LH3 (cyan) nanodiscs in the near-infrared region. The spectra are normalized by area. (F) Fluorescence spectrum of doubly-loaded LH2 (red), LH3 (orange), and LH2/LH3 (cyan) nanodiscs excited at 532 nm. The spectra are normalized by area.

74Fig. 2 .

 2 photosynthetic antenna network.

  174 and LH3 DLDs were also measured (Figs. S12 and S13). The 175 spectral and temporal evolution of the TA data from all three 176 samples was fit, where the values from the LH2 DLDs and 177 LH3 DLDs were taken as fixed values for the LH2-LH3 DLDs 178 data. 179 Both individual protein samples, the LH2 DLDs and LH3 180 DLDs, were fit using global analysis, which identifies the 181 characteristic time constants and their associated spectral pro-182 files, known as species-associated-decay-spectra (SADS) (56). 183 The data was best fit with a sequential model in which the 184 system evolves through three components. The first compo-185 nent decayed on a sub-picosecond timescale (850 fs for LH2-186 DLDs; 680 fs for LH3-DLDs) and the SADS was dominated 187 by negative peak at ∼810 nm from the ground state bleach 188 (GSB)/stimulated emission (SE) of the B800 band. Therefore, 189 this component was assigned to B800 to B820/B850 energy 190 transfer. Consistent with this assignment, the SADS associ-191 ated with the second component were dominated by a negative 192 peak at ∼860 nm for LH2 and ∼840 nm for LH3 from the 193 GSB/SE of the B850 and B820 bands, respectively, as shown 194 in Fig. 3C. A broad positive feature at higher energies (>850 195 nm for LH2 and >820 nm for LH3) was also present due to 196 excited-state absorption (ESA) primarily from the B800 band.

Fig. 3 .Fig. 4 .

 34 Fig. 3. LH3-to-LH2 energy transfer dynamics. (A) 2D representation of ultrafast TA spectra of LH3-LH2 DLDs. Color bar describes signal intensity (mOD). (B) Absorption transients of LH3-LH2 DLDs at wavelengths indicated in (A). Experimental values are shown as dots with fit values overlaid as solid lines. (C) SADS of B820 (orange) and B850 (red) extracted from the TA data of LH3 DLDs and LH2 DLDs, respectively. Results are shown from both simultaneous fitting of the single-wavelength kinetics (dots) and global analysis (lines). (D) Spectral decomposition of LH3-LH2 (dark green) TA difference spectrum at 5 ps time delay by LH2-LH2 and LH3-LH3 (red and yellow, respectively).The cyan dashed line is the simulated LH3-LH2 spectrum. (E) The relative changes in the coefficients (a/b) with time are in line with the population dynamics of B820 decay from the model fitting. (F) Schematic of the model used to fit the LH2-LH3 DLDs with values held fixed from LH2 DLDs and LH3 DLDs shown as gray arrows and the extracted LH3-to-LH2 energy transfer rate shown as a black arrow.
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  the random arrangement (iii) over the cluster (iii), suggesting 302 no complex architecture is required. These results suggest that 303 the local architecture of LH2-LH2 pairs within the photosyn-304 thetic membrane, and replicated using the nanodisc platform, 305 provides an increased efficiency of energy transfer, and effec-306 tively creates a 'superhighway' for energy migration through 307 the protein network. 308 Conclusion 309 In summary, we report isolation and characterization of the 310 structure and dynamics of LH2 and its low-light variant LH3 311 from Ph. molischianum. Our results establish that nanodiscs, 312 ultrafast TA spectroscopy, and cryoEM can, together, inves-313 tigate inter-protein energy transfer of photosynthetic light 314 harvesting. 315 Through this combination, we measured an inter-protein en-316 ergy transfer timescale of ∼6 ps for the tightly-packed protein 317 pairs, identifying the canonical inter-protein energy transfer 318 within the protein network. Simulations and comparison to 319 previous measurements suggests inter-protein energy transfer 320 is dominated by these closely-packed protein pairs, which may 321 be required for long distance energy transport. The ability of 322 these protein pairs to dominate inter-protein energy transfer 323 may also be a mechanism by which similar timescales are main-324 tained despite heterogeneous protein organizations, allowing 325 the light harvesting dynamics to be robust to the variations 326 in antenna protein expression and organization used to adjust 327 the light-harvesting machinery to the fluctuating conditions 328 of natural environments.
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the timescale of LH3-to-LH2 energy transfer, spectrallyresolved TA spectroscopy was performed on the DLDs with 172 both LH2 and LH3 as shown in Fig. 3A. In order to accurately well established model for the arrangement of LH2 in the bacte-287 rial membrane (Fig. 4C) [START_REF] Pflock | The electronically excited states of LH2 complexes from Rhodopseudomonas acidophila strain 10050 studied by time-resolved spectroscopy and dynamic Monte Carlo simulations. II. Homo-arrays of LH2 complexes reconstituted into phospholipid model membranes[END_REF][START_REF] Onizhuk | Spatial patterns of light-harvesting antenna complex arrangements tune the transfer-to-trap efficiency of excitons in purple bacteria[END_REF][START_REF] Cleary | Optimal fold symmetry of LH2 rings on a photosynthetic membrane[END_REF]. The inter-protein distances 288 were set to 2.5 nm and 5 nm, which is the canonical distance