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            Abstract
Energy transfer from light-harvesting ketocarotenoids to the light-driven proton pump xanthorhodopsins has been previously demonstrated in two unique cases: an extreme halophilic bacterium1 and a terrestrial cyanobacterium2. Attempts to find carotenoids that bind and transfer energy to abundant rhodopsin proton pumps3 from marine photoheterotrophs have thus far failed4,5,6. Here we detected light energy transfer from the widespread hydroxylated carotenoids zeaxanthin and lutein to the retinal moiety of xanthorhodopsins and proteorhodopsins using functional metagenomics combined with chromophore extraction from the environment. The light-harvesting carotenoids transfer up to 42% of the harvested energy in the violet- or blue-light range to the green-light absorbing retinal chromophore. Our data suggest that these antennas may have a substantial effect on rhodopsin phototrophy in the world’s lakes, seas and oceans. However, the functional implications of our findings are yet to be discovered.
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                    Fig. 1: Environmental xanthophylls bind to a freshwater XR.[image: ]


Fig. 2: Biophysical characterization of diverse rhodopsins bound to zeaxanthin.[image: ]


Fig. 3: Characterization of TsPR and carotenoids from Tenacibaculum sp. SG-28.[image: ]


Fig. 4: Structure of the Kin4B8 XR bound to zeaxanthin.[image: ]


Fig. 5: Global distribution of fenestrated XRs and PRs.[image: ]
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                Data availability

              
              All data are available in the main text or the Supplementary Information. The sequence of fosmid Kin4B8 was deposited in GenBank under accession number OP056329. Atomic coordinates of the crystal structure of Kin4B8 have been deposited in the Protein Data Bank under 7YTB. The density map and structure coordinate of the cryo-EM structure of the zeaxanthin-bound Kin4B8 have been deposited in the Electron Microscopy Data Bank and the Protein Data Bank with accession numbers EMD-35143 and 8I2Z, respectively. Source data are provided with this paper.

            

Code availability

              
              The code used for the bioinformatic analyses is available from the GitHub repository (https://github.com/BejaLab/antenna) and the data are deposited in the Figshare repository (https://doi.org/10.6084/m9.figshare.20502384).
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Extended data figures and tables

Extended Data Fig. 1 Characterization of Lake Kinneret and Atlantic coast chromophore extracts.
a, HPLC profile of Lake Kinneret chromophore extract. Main peaks correspond to myxoxanthophyll (1), dinoxanthin (2), diatoxanthin (3), lutein (4), zeaxanthin (5), canthaxanthin (6), chlorophyll b (7), chlorophyll a (8), echinenone (9), pheophytin a (10), and β-carotene (11). b, HPLC profile of Atlantic coast chromophore extract. Main peaks correspond to chlorophyll c (1), siphonaxanthin (2), fucoxanthin (3), violaxanthin (4), diadinoxanthin (5), diatoxanthin (6), lutein (7), zeaxanthin (8), chlorophyll b (9), chlorophyll a (10), and β-carotene (11). Chromophores registered at 450 nm.


Extended Data Fig. 2 Spectroscopic characterization of diverse rhodopsins bound to lutein.
a and d, Absorbance change of different rhodopsins upon incubation with lutein. b, e, CD spectra with and without lutein. c, f, Fluorescence excitation spectra with and without lutein; emission monitored at 720 nm.
Source data


Extended Data Fig. 3 Quantum efficiency of excitation energy transfer (EET) from xanthophylls to different rhodopsins and ultrafast spectroscopy characterization of lutein in complex with Kin4B8.
a, Calculated quantum efficiency of EET from lutein and zeaxanthin to different rhodopsins in complex. b, Quantum efficiency of EET from lutein to different rhodopsins in complex, as a function of wavelength. c, S2 state decay of lutein. Blue — Kin4B8-lutein, black — Kin4B8 (reduced RPSB bond)-lutein, and red- their fit. X-axis presents the delay between pump and probe. Y-axis shows probe absorption difference in the presence and absence of pump pulse. Kinetic data were fitted with a function convolving 40 fs gaussian IRF and a mono-exponential decay. d, Reduction of retinal protonated Schiff-base by NaBH4 in Kin4B8-lutein complex. Blue — absorption spectrum of Kin4B8-lutein before reduction. Black — absorption spectrum of Kin4B8-lutein after reduction.
Source data


Extended Data Fig. 4 FTIR Influence of lutein on the retinal photoisomerization in Kin4B8 at 77 K.
a, UV-visible absorption spectra of lipid-reconstituted Kin4B8 with (top) and without (bottom) lutein at 77 K. One division of the y-axis corresponds to 0.5 absorbance units. b, Difference UV-visible spectra upon illumination of Kin4B8 with (top) and without (bottom) lutein. Hydrated films of lipid-reconstituted Kin4B8 were first illuminated at 540 nm light (solid lines), followed by illumination at >590 nm light (broken lines) at 77 K. Solid and broken lines are mirror-imaged, indicating photochromic properties for Kin4B8 and the K intermediate. One division of the y-axis corresponds to 0.05 absorbance units. c, Difference FTIR spectra upon illumination of Kin4B8 with (top) and without (bottom) lutein. Hydrated films of lipid-reconstituted Kin4B8 with H2O were first illuminated at 540 nm light (solid lines), followed by illumination at >590 nm light (dotted lines) at 77 K. One division of the y-axis corresponds to 0.002 absorbance units. d, e, Light-induced difference UV-visible (d) and FTIR (e) spectra of Kin4B8 with (red) and without (black) lutein, where positive and negative signals originate from the K intermediate and unphotolyzed Kin4B8, respectively.
Source data


Extended Data Fig. 5 Spectroscopic characterization of Kin4B8 and Kin4B8-G153F bound to carotenoids.
a, Absorption spectra of Kin4B8 with salinixanthin (Sal). b, CD spectra of Kin4B8 with and without salinixanthin. c, Fluorescence excitation spectra of Kin4B8 with and without salinixanthin; emission monitored at 720 nm. d, Absorption spectra of Kin4B8 with β-carotene (β-car). e, CD spectra of Kin4B8 with and without β-carotene.f, .Absorption spectra of Kin4B8-G153F with zeaxanthin (Zeax). e, CD spectra of Kin4B8-G153F with and without zeaxanthin.
Source data


Extended Data Fig. 6 The photocycle of Kin4B8.
a, Chromatogram of HPLC analyses (left) and the compositions of the retinal isomers (right) in Kin4B8 without (top) and with (bottom) lutein under the dark (gray) and light-adapted (green) conditions. at, 11, 13, syn, and anti indicate all-trans, 11-cis, 13-cis, syn, and anti configurations, respectively. b, Two-dimensional plot of transient absorption change (left), transient absorption spectra at different time points (middle), and time course of the transient absorption change (right) of Kin4B8 without (top) and with (bottom) lutein. Peaks derived from the absorption change of lutein are indicated by an asterisk. c, Absorption spectra of the photointermediates of Kin4B8 without (left) and with (right) lutein. Peaks derived from the absorption change of lutein are indicated by asterisks. d, Photocycle model of Kin4B8. Conformational change of rhodopsin affects the structure of lutein (blue arrow) from K3/M1 to O4/Kin4B8′2. e, The ratios of transient absorption change in Kin4B8 with and without lutein at different excitation wavelengths (415, 432, 457, 473, 487, 552, and 601 nm) (bars colored according to the color of excitation light). The absorption spectra of Kin4B8 without (pink line) and with (orange line) lutein were overlaid. The red dashed line indicates no difference between without and with lutein.
Source data


Extended Data Fig. 7 Light-induced proton-pumping activity of Kin4B8 and Kin4B8-G153F.
a and b, Monitoring of pH changes in E. coli spheroplasts suspension expressing Kin4B8 or Kin4B8-G153F, respectively, with and without zeaxanthin. The spheroplasts were illuminated with violet (430 nm), blue (450 nm), or green (550 nm) light for 2 min (indicated by the colored bars). An enlarged plot of the first 15 s of illumination is displayed to the right of each measurement. The presented traces are the average of six or more independent biological replicates (Error bars represent the SEM).
Source data


Extended Data Fig. 8 Diversity and distribution of PRs and XRs with (G) and without (FW) fenestration among different prokaryotic phyla across four environments.
a, Maximum likelihood phylogenetic analysis of the PR-XR-NQ clade based on representative protein sequences. Characterized ion pumps are indicated with dots, terminal branches are colored by the corresponding phylum. Major clades with more than one representative are highlighted and labeled. The tree is outgroup rooted. b, Distribution of PRs and XRs with the canonical TM3 motif DTE among genomes assigned to different taxa, with (G) and without (FW) fenestration. The analysis is based on GEM genomes and the numbers are summarized per operational taxonomic unit (OTU). The colors are as in panel (a). c, Relative abundance of different families of the clade across four habitats based on the metagenomic data from IMG/M. Only families with a total relative abundance of >0.1% are shown. d, Predicted absorption maxima for PRs and XRs with the three most frequent residues at the fenestration position. Individual observation corresponds to an average absorption maximum predicted with the rhodopsin BLASSO model for sequences with the same 24 residues of the retinal binding pocket56. The sequences from OM-RGC, IMG/M and GEM were pooled together. The size of the dots is proportional to the number of distinct rhodopsin domain sequences and the color approximates the predicted mean absorption spectra. Statistical differences between the groups were assessed with Dunn’s test with FDR correction. Significance levels are indicated with asterisks: *** – adjusted p-values < 0.001. Abbreviation of family names in (A) and (C): ACB – Archaea clade B, ESR – Exiguobacterium sibiricum rhodopsin, NQ – NQ sodium and chloride pumps, MACR – marine actinobacteria clade rhodopsins, PR – proteorhodopsins, TAT – TAT rhodopsins, XR – xanthorhodopsins, P1 – unnamed clade including QsActR, KrActR and related rhodopsins, P3 and P4 – currently unnamed clades.
Source data


Extended Data Fig. 9 Structural features of Kin4B8.
a, Cryo-EM single-particle analysis of the zeaxanthin-bound Kin4B8. b, Comparison of the cryo-EM and crystal structures of Kin4B8. c, Cryo-EM density of the zeaxanthin, which allows unambiguous identification of the molecule. In particular, resolution of the half of zeaxanthin proximal to the fenestration is high enough to permit identification of the dimethyl group of its hydroxyl ring. d, Comparison of the oligomeric structures of Kin4B8, S. ruber XR (PDB ID: 3DDL), BR (PDB ID: 1C3W), GPR (PDB ID: 7B03). With the ECL1 sheet inside, Kin4B8 forms a hexamer with aligned directions to the membrane in the crystal packing. The pentameric structure would reflect a physiological condition, in contrast to the previously reported head-to-tail dimer of S. ruber XR. e, Structural comparison of Kin4B8 with S. ruber XR (PDB ID: 3DDL), bacteriorhodopsin (BR) (PDB ID: 1C3W), and GPR (PDB ID: 7B03), with root mean square deviations (RMSD) of 1.44, 1.96, and 2.61 Å, respectively. Notably, the N-terminal region (residues 6–11) and ECL1 form a 3-stranded antiparallel β-sheet, as in S. ruber XR and other omega rhodopsins. f, Key rhodopsin proton pump motifs in Kin4B8. Black dashed lines indicate hydrogen-bonding interactions. Red spheres indicate water molecules.


Extended Data Fig. 10 Global distribution of fenestrated XRs and PRs based on the Tara Oceans data.
Rhodopsin sequences from the Ocean Microbial Reference Catalog v.2 were classified into PRs and XRs with the canonical DTE motif, and binned into those having bulky residues (Phe or Trp) or Gly at XR position 156. Individual pie charts represent ratios between fenestrated (yellow) and non-fenestrated (blue) PRs and XRs by location and the size of the charts is proportional to the total abundance of DTE PR- and XR-encoding ORFs (a) and this abundance relative to the abundance of ten single-copy markers (b).
Source data
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