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Aquatic bacterial rhodopsin proton pumps harvest light energy for
photoheterotrophic growth and are known to contain hydroxylated
carotenoids that expand the wavelengths of light utilized, but these have
not been characterized in marine archaea. Here, by combining a marine
chromophore extract with purified archaeal rhodopsins identified in marine
metagenomes, we show light energy transfer from diverse hydroxylated
carotenoids to heimdallarchaeial rhodopsins (HeimdallRs) from uncultured
marine planktonic members of ‘Candidatus Kariarchaeaceae’ (‘Candidatus
Asgardarchaeota’). These light-harvesting antennas absorb in the blue-light
range and transfer energy to the green-light-absorbing retinal chromophore
within HeimdallRs, enabling the use of light that is otherwise unavailable

to therhodopsin. Furthermore, we show elevated proton pumping by

the antennas in HeimdallRs under white-light illumination, which better
simulates the light conditions encountered by these archaea in their

natural habitats. Our results indicate that light-harvesting antennas in
microbial rhodopsins exist in families beyond xanthorhodopsins and
proteorhodopsins and are present in both marine bacteria and archaea.

Proteorhodopsins and xanthorhodopsins are microbial light-driven
proton pumps identified in widespread and abundant bacterial,
archaeal and some eukaryotic groups in marine and freshwater envi-
ronments’. It has been predicted that -50% of microbes in the ocean’s
photic zone possess these rhodopsins? and use them to harvest light
energy to sustain a photoheterotrophic lifestyle**.

The phenomenon of energy transfer from light-harvesting keto-
lated (containing a keto group) carotenoid antennas to the retinal
chromophore in two xanthorhodopsins was first demonstrated two

decades ago™®. The recent discovery that many proteorhodopsins
and xanthorhodopsins can bind hydroxylated (containing a hydroxyl
group) carotenoid antennas’ suggested that such light-harvesting
complexes have a substantial global impact on rhodopsin-mediated
phototrophy in aquatic environments. These antennas transfer the
absorbed energy in the violet- and blue-light range (-420-480 nm)
to the green-absorbing retinal chromophore (-550 nm)°”/, therefore
enabling use of light that is otherwise not available to them. The bind-
ing is facilitated by a lateral opening in the rhodopsin (known as the

A full list of affiliations appears at the end of the paper.
alephreish@gmail.com; achazan@ethz.ch; beja@technion.ac.il

e-mail: wtrshh9@gmail.com; nureki@bs.s.u-tokyo.ac.jp; inoue@issp.u-tokyo.ac.jp;

Nature Microbiology | Volume 10 | June 2025 | 1484-1500

1484


http://www.nature.com/naturemicrobiology
https://doi.org/10.1038/s41564-025-02016-5
http://orcid.org/0000-0001-6603-1692
http://orcid.org/0000-0002-4874-0679
http://orcid.org/0000-0002-0605-1816
http://orcid.org/0000-0003-3552-1394
http://orcid.org/0000-0001-6938-2340
http://orcid.org/0000-0001-8498-4374
http://orcid.org/0000-0002-4922-1344
http://orcid.org/0000-0001-8536-6869
http://orcid.org/0000-0003-4813-5740
http://orcid.org/0000-0003-1813-7008
http://orcid.org/0000-0002-6898-4347
http://orcid.org/0000-0001-9534-2297
http://orcid.org/0000-0002-2768-5818
http://orcid.org/0000-0001-6629-0192
http://crossmark.crossref.org/dialog/?doi=10.1038/s41564-025-02016-5&domain=pdf
mailto:wtrshh9@gmail.com
mailto:nureki@bs.s.u-tokyo.ac.jp
mailto:inoue@issp.u-tokyo.ac.jp
mailto:
alephreish@gmail.com
mailto:
alephreish@gmail.com
mailto:achazan@ethz.ch
mailto:beja@technion.ac.il

Article

https://doi.org/10.1038/s41564-025-02016-5

fenestration), exposing the retinal 3-ionone ring to one of the rings of
thecyclic carotenoid antenna®® and therefore enabling energy transfer.
Currently, lightenergy transfer from hydroxylated carotenoids (lutein,
zeaxanthin and nostoxanthin) has been reported only for bacterial
proteorhodopsins and xanthorhodopsins™.

Several marine group Iland Il archaea (MGII/III, ‘Candidatus Posei-
doniia’)"° contain both proteorhodopsins and proton-pumping ACB
(Archaea clade B) rhodopsins'™ (Fig. 1a and Supplementary Fig. 1).
While proteorhodopsins from ‘Ca. Poseidoniia’ are not fenestrated
duetobulky residues at position G156 in transmembrane helix 5 (TMS5),
most ACB rhodopsins possess afenestrationin proximity to the retinal
ring facilitated by aleucine residue unusual for this position (Fig. 1a,b).
In addition to rhodopsins from ‘Ca. Poseidoniia’, a proton-pumping
rhodopsin was recently reported for ‘Candidatus Heimdallarchaeia’
(‘Candidatus Asgardarchaeota’)’>'. This protein (referred to here as
HeimdallR1) has aglycine at position 156 and is predicted to have a fen-
estration exposing the retinal ring similarly to Salinibacter xanthorho-
dopsin® and Kin4B8-xanthorhodopsin’. These observations suggest
that some of these archaeal proton pumps might utilize carotenoid
antennas, despite the evolutionary distance separating them from the
more common bacterial proteorhodopsin and xanthorhodopsin fami-
lies and the presence of non-canonical motifsin transmembrane helix 3
(TM3) (Fig.1a). The appearance of proton-pumping rhodopsins witha
potential for antennabindingin ‘Ca. Heimdallarchaeia’is of particular
interest asmembers of this Asgard group are the closest archaeal rela-
tives of eukaryotes''® and nothing is known about photoheterotrophy
among them. In this study, we searched for rhodopsin-carotenoid
complexes originating in marine archaea.

Results

Asgard rhodopsin HeimdallR1binds environmental carotenoids
Tworepresentative fenestrated archaeal rhodopsins, ACB-G35 rhodop-
sinand HeimdallR1 (Fig. 1b) were incubated witha marine (Mediterra-
nean Sea) chromophore extract containing a natural mix of carotenoids
(Methods). After purifying the proteins from the chromophore extract
mixture, achange inabsorbance was observed for HeimdallR1but not
forthe ACBrhodopsin (Fig.1c), suggesting binding of specific chromo-
phores to HeimdallR1. High-performance liquid chromatography diode
array detector (HPLC-DAD) analysis of the complexes showed that the
enriched chromophores consisted mainly of cyclic hydroxylated (lutein,
diatoxanthin and fucoxanthin) and non-hydroxylated (3-carotene)
carotenoids (Extended DataFig. 1; see carotenoid structuresin Fig. 1d).
When switching to pure carotenoids, the non-symmetric hydroxylated
carotenoids lutein, diatoxanthin and fucoxanthin showed binding to
HeimdallR1, while 3-carotene did not (Fig. 1d). Interestingly, this carot-
enoid specificity of HeimdallR1is similar but not identical to that of the
bacterial Kin4B8-xanthorhodopsin which does not bind fucoxanthin
(Extended Data Fig. 2). This indicates a unique binding preference of
HeimdallR1 towards fucoxanthin and further implies that carotenoid
binding in fenestrated rhodopsinsis acomplex trait.

Distribution and diversity of heimdallarchaeial rhodopsins
HeimdallR1fromthe Red Sea has thus far remained an isolated mono-
typicbranch®™. By searching multiple databases for similar sequences,
we found three groups of closely related proteins: HeimdallR1-like,
HeimdallR2-like and HeimdallR3, in marine and estuarine locations
(Fig. 2a, Extended Data Fig. 3 and Supplementary Fig. 2). The Heim-
dallR1-and HeimdallR2-like subclades were closest to each other with
pairwise identities between 81% and 86%. The third subclade comprised
asingle protein, HeimdallR3, obtained via co-assembly of metagenomic
data from the Groves Creek Marsh (Georgia, USA), which showed an
identity of 63-67% to HeimdallR1/R2.

The two widespread subclades were found in metagenome-
assembled genomes (MAGs) belonging to the same archaeal species
‘Candidatus Kariarchaeum pelagium™ despite the sequence diver-
gence exceeding expected intraspecific variation®. To clarify the origin
of this divergence, we recruited metagenomic contigs from diverse
locations to the core pan-genome of ‘Ca. K. pelagium’ (Extended Data
Fig. 4). While genetic variation at most of the loci in the genome was
within the limits expected for a single prokaryotic species, the heim-
dallR gene and genes in its immediate vicinity showed an unusually
high variation without any indication that the corresponding region
might be duplicated in the genome (Extended Data Fig. 4b,c). This
strongly suggests that the appearance of the HeimdallR1-like and Heim-
dallR2-like alleles in ‘Ca. K. pelagium’ is a result of introgression from
arelated unsampled species. Incidentally, phylogenetic relationships
between the ‘Ca. K. pelagium’ MAGs were inconsistent with the Heim-
dallR1/R2 divide (Fig. 2b), which might be aresult of binning artefacts
orongoing intraspecific homologous recombination.

Together, HeimdallRs canbe characterized asaminor yet widespread
family of proton pumps: comprising up to 0.77% among genes for regular
microbial rhodopsins (7.2% of marine archaeal rhodopsin pumps) and
upto 0.95% of their transcripts (21% of archaeal rhodopsin pumps) inthe
open-oceansunlitstations from Tara Oceans” (Fig. 2aand Supplementary
Fig.2). HeimdallRs and ‘Ca.K. pelagium’ appear at shallow depthsin both
open-oceanand coastal locations (including estuaries and salt marshes)
between parallels 40° N and 24° S with peak abundances in the Indian
Ocean and the Red Sea, along the North-West Atlantic coast and the East
Pacific coast (Fig. 2a and Extended Data Fig. 4a).

Sequence alignment and structure predictions showed that all
HeimdallRs have fenestrations as in HeimdallR1, and heterologous
expression of HeimdallR2 and HeimdallR3 indeed showed that they can
alsobind lutein, diatoxanthin and fucoxanthin (Extended DataFig. 5).
This indicates that all pelagic ‘Ca. Kariarchaeum’ possess rhodopsins
capable of binding xanthophylls. Nevertheless, gene content analysis of
the‘Ca. K. pelagium’ pan-genome revealed only genes for biosynthesis
of linear carotenoids (Extended Data Fig. 3). This indicates that both
the retinal and the xanthophylls must be obtained by these archaea
from the environment.

Gene content analysis of the other ‘Ca. Kariarchaeaceae’yielded no
genes for proton-pumping rhodopsins, consistent with their deep-sea

Fig.1| Phylogeneticrelationships and xanthophyll binding potential in
fenestrated archaeal rhodopsin proton pumps. a, NeighborNet network

of proteorhodopsins (PRs), xanthorhodopsins (XRs), Archaea clade B (ACB)
rhodopsins, HeimdallRs and related rhodopsin families. The three clades of
outward proton pumps appearing in marine archaea are highlighted: Archaea
clade A proteorhodopsins (ACA) among marine group Iland marine group Ill
(Thermoplasmatota: ‘Ca. Poseidoniia’), the ACB family among marine group Iland
the family of HeimdallRs among the ‘Ca. Kariarchaeaceae’ (‘Ca. Asgardarchaeota’:
‘Ca.Heimdallarchaeia’). Indicated are (frominside out): activity, transmembrane
helix 3 motif, presence and type of fenestration, alias and type of carotenoid
antenna (-OH for xanthophylls with hydroxyl at carbon C3 and =0 for xanthophylls
withketo group at carbon C4). Abbreviated family names are as follows: ESR,
E.sibiricumrhodopsin; MACR, marine actinobacterial clade rhodopsins; P1, clade
P1 (actinobacterial DSE and related DTE rhodopsins); P4, clade P4; Proteo-SR,

proteorhodopsin-related sensory rhodopsins; TWRs, twin-peaked rhodopsins.

b, Structural comparison of fenestrated rhodopsins: S. ruber xanthorhodopsin with
salinixanthin (PDB: 3DDL)?, Kin4B8-xanthorhodopsin with zeaxanthin (PDB: 7YTB)’,
ACB-G35 rhodopsin (AlphaFold 3 model*’) and HeimdallR1 (PDB: 9JTQ, this study)
versus anon-fenestrated rhodopsin, bacteriorhodopsin (BR; PDB: 11W6)®. The
structures are aligned on the basis of the retinal $-ionone ring position, and the
fenestration zone is highlighted. For clarity, salinixanthin and zeaxanthin are not
shownin the enlarged fenestration zone of S. ruber xanthorhodopsin and Kin4B8-
xanthorhodopsin structures, respectively. c, Absorbance spectra of ACB-G35
rhodopsin and HeimdallR1before (purple) and after (brown) incubation, and
wash, withamarine chromophore extract. d, Absorbance changes of HeimdallR1
before (purple) and after (orange) incubation, and wash, with pure lutein,
diatoxanthin, fucoxanthin and -carotene. The carotenoid structures are shown
atthe bottom.
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Fig. 2| Distribution of HeimdalIR genes and phylogenetic relationships
between members of ‘Ca. Kariarchaeaceae’. a, Global distribution of
heimdallarchaeial rhodopsins. Samples in which HeimdallRs were detected are
indicated with squares, with their size proportional to their percentage among
all regular microbial rhodopsins. Samples lacking HeimdallRs (but containing
other archaeal proton pumps) are indicated with crosses. b, Top: phylogenetic
relationships between members of the family ‘Ca. Kariarchaeaceae’ based on
concatenated alignment of 153 markers present in at least 60% of the genomes.
The position of the root isindicated with a triangle. Rapid bootstrap support
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values are indicated for branches with support >90. The scaffold Kari_Gs0128817
was placed on the phylogenetic tree and its position is highlighted in red

and supplied with the corresponding likelihood weight ratio. Genomes with
HeimdallR genes are indicated with stars coloured by the corresponding
rhodopsin subclade (Extended Data Fig. 3). Histograms reflect the incidence

of phylogenetic markers in the final alignment for each genome, and pink
squares mark the presence of the two genes used for phylogenetic placement of
Kari_Gs0128817. Bottom: genomic context of the HeimdallR genes from the three
clades. Genes used to place Kari_Gs0128817 on the tree are highlighted.
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Fig. 3| Spectroscopic characterics of HeimdallR1 bound to different
xanthophylls. a, Fluorescence excitation spectra of HeimdallR1 upon
incubation with (orange) or without (purple) lutein (top), diatoxanthin (middle)
or fucoxanthin (bottom); emission was recorded at 720 nm. b, The ratios of
transient absorption (TA) change in HeimdallR1 with and without lutein (top)
and with and without fucoxanthin (bottom) at different excitation wavelengths
(425,450, 465,480, 545 and 590 nm for lutein and 440, 465, 580, 490, 530, 540,
550 and 600 nm for fucoxanthin) (bars coloured according to the colour of
excitation light). The absorption spectra of HeimdallR1 without (purple line)
and with (orange line for lutein and coral for fucoxanthin) xanthophylls are
overlaid. The red dashed lines indicate no difference between with and without
xanthophyll. Tables with the quantumyield (QY) percentages and the pictures of

Wavelength (nm)

Wavenumber (cm™) Wavenumber (cm™)

the purified proteins are shown next to the corresponding results. ¢, Light-minus-
dark difference FTIR spectra at 77 Kupon illumination of HeimdallR1 with (red)
or without (black) fucoxanthin, HeimdallR1 with (red) or without (black) lutein,
HeimdallR1 with lutein in H,O (red) or D,0 (blue), and Kin4B8-xanthorhodopsin
with (green) or without (black) lutein. Hydrated films of lipid-reconstituted
protein with H,0 are illuminated at 540 nm light (solid lines), which forms the
red-shifted K intermediate. Each peak originates from a hydrogen out-of-plane
(HOOP) vibration of the retinal chromophore, which shifts upon xanthophyll
binding to HeimdallR1, but not to Kin4B8-xanthorhodopsin. One division of the y
axis corresponds to 0.0006 absorbance units. LUT, lutein; DIATO, diatoxanthin;
FUCO, fucoxanthin.

and subsurface habitats. Phylogenetic relationships within the family
and their ties to other heimdallarchaeia point to a singular origin of
the pelagic and putatively photoheterotrophic lifestyle of ‘Ca. Kariar-
chaeum’ derived from an ancestral dark habitat (Fig. 2b).

Energy transfer from different carotenoids to HeimdallRs
Xanthophyll binding to different members of the HeimdalIR family indi-
cates that this ability is physiologically relevant and is supported by selec-
tion. We thus tested whether the carotenoids functionas light-harvesting
antennasin HeimdallRs. Fluorescence analysis of HeimdallR1-carotenoid
complexes demonstrated that energy transfer takes place from lutein,
diatoxanthin or fucoxanthinto the retinal chromophore (Fig. 3a). Fluores-
cence measurements revealed energy transfer fromthese xanthophylls
alsototheretinalinthe closely related HeimdallR2, while for HeimdalIR3,
aclear fluorescence signal could be observed only with lutein (Extended
Data Fig. 5). Analogously, laser-flash photolysis revealed an increase in
transient absorption signal for HeimdallR1bound to lutein or fucoxan-
thin when excited at the violet-blue (425-490 nm) region, indicating
the enhancement of the retinal isomerization quantum yield (Fig. 3b).
Notably, the transient absorption signal of HeimdallR1 was enhanced
1.6-fold compared with that of Kin4B8-xanthorhodopsin with lutein,
indicating more efficient energy transfer in the former’.

The influence of the xanthophyll binding on the retinal isomer
composition in HeimdallR1 was investigated using HPLC of retinal
oximes produced by hydrolysing the retinal Schiff base (RSB) with
hydroxylamine. In the dark-adapted (DA) form, the all-trans configu-
ration (Fig. 4a) was dominant. The binding of lutein and fucoxanthin

further increased the all-trans form. The retinal photoisomerized to
the 13-cis form, which was reflected in transient absorption changes,
representing red-shifted (K and O) and blue-shifted (M) photointer-
mediates (Fig.4b-d) inadditionto L, Nand HeimdallR1’intermediates
with maximum absorption wavelengths (A*,,) close to theinitial state
(Fig. 4e). A sharp peak at 471 and 480 nm was observed when lutein
or fucoxanthin, respectively, were bound to HeimdallR1 (Fig. 4c,e),
suggesting that xanthophyll structures are influenced by a large con-
formational change of the protein moiety (Fig. 4f).

To investigate how the retinal binding pocket is affected by xan-
thophyll binding, we purified HeimdallR1 without carotenoids, as well
aswith lutein or fucoxanthin (Extended Data Fig. 6a). Binding of both
xanthophylls elicited an apparent blue shiftin the A%,,,,, which was not
observed with bacterial rhodopsin proton pumps®’. To determine
whether this shift reflects areal change in the absorption spectra of the
retinal, we subtracted the absorption spectra of the isolated xantho-
phylls from the spectra of HeimdallR1 complexed with xanthophylls
(blue and green spectra in Extended Data Fig. 6a). This revealed that
the retinal A%,,,, of HeimdallR1 bound to lutein (540 nm) was shorter
than that of HeimdallR1 alone (551 nm), whereas the retinal A%, of
HeimdallR1 complexed with fucoxanthin (556 nm) was not significantly
different from the unbound protein. Meanwhile, asmall A%, shift was
observed on the acidic side of HeimdallR1 alone, whereas HeimdallR1
with lutein or fucoxanthin exhibited larger red shifts (20 nmand 11 nm,
respectively, Extended Data Fig. 6b). This effect is caused by the pro-
tonation of the counterion in the third transmembrane helix (TM3)
as known for many microbial rhodopsins. The retinal counterion of
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HeimdallR1, D81, is fully protonated at pH <4.0 irrespective of xan-
thophyll binding. Hence, the difference in the A° ., shift is due to the
differencein the degree of counterion protonation at neutral pH, and

D81 of HeimdallR1 binding lutein is more deprotonated than that of
HeimdallR1alone at pH 7.0 (Extended DataFig. 6c,d). Since the depro-
tonated counterion can act as the proton acceptor to receive H from
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illumination (400-700 nm, at 860 pmol m™s™). Each dot represents the proton-
pumping rate of HeimdallR1 and HeimdallR1-G141F with a xanthophyll over
without the xanthophyll. A total of 26 ratios were used. b, Light-driven proton-
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under various white-light intensities (400-700 nm, at 2,000, 860, 590 and
515 umol m™2s™). Each dot represents the proton-pumping rate of HeimdallR1
and HeimdallR1-G141F with lutein over without lutein. A total of 37 ratios were
used. Inboth panels, boxplots represent the lower quartile, median and the
upper quartile, and the whiskers depict 1.5x the interquartile range. The red
dashed lines correspond to no differences in proton-pumping activity relative
to HeimdallR1 or HeimdallR1-G141F without a xanthophyll. Highly significant
effects were found only for the factor of fenestration (wild type vs G141F
mutation) inboth cases (Supplementary Table1).

the RSB?, the higher deprotonation suggests that lutein binding would
enhance proton pumping, which aligns with the large M formation for
HeimdallR1binding lutein (Fig. 4b-e).

To gain further structural insights into the xanthophyll binding,
we measured light-induced differences in Fourier transform infrared
(FTIR) spectra of HeimdallR1 with or without lutein or fucoxanthin at
77 K.Extended Data Fig. 7a,b shows UV-visible spectra and formation of
theKintermediate at 77 K, respectively. While light-induced difference
FTIR spectra looked similar for HeimdallR1 with or without xantho-
phylls (Extended DataFig.7c), we observed two xanthophyll-dependent
frequency shifts. One was seen in the C=C stretching frequency of
the retinal chromophore (Extended Data Fig. 7d), which is, however,
not due to structural reasons, as C=C stretch reflects A1°,,, (Extended
DataFig. 7b). Indeed, the spectra of the C-C stretch region (Extended
Data Fig. 5e) and amide-I (Extended Data Fig. 7h) were coincident,
indicating that xanthophyll binding has no effect on chromophore
structure and peptide backbone. The second shift was observed for
a hydrogen out-of-plane (HOOP) band of the retinal chromophore in
the K intermediate of HeimdallR1, while no such shift was observed
for Kin4B8-xanthorhodopsin (Fig. 3c and Extended Data Fig. 7). As
HOOP bands appear by chromophore distortions, we conclude that
binding of lutein or fucoxanthin to HeimdallR1 influences the retinal
distortionintheKintermediate. Interestingly, this peak was broader for
HeimdallR1binding fucoxanthin, indicating larger structural hetero-
geneity. Asthe HOOP band is downshifted by an H/D exchange (Fig. 3c
and Extended Data Fig. 7g), the chromophore distortionis located near
the Schiffbase. Therefore, xanthophyll binding to HeimdallR1alters the
structure of the retinal moiety furthest from the fenestration. Thisisin
clear contrast to Kin4B8, which binds xanthophylls without generating
structural changes upon retinal photoisomerization’.

Enhanced proton pumping in HeimdallR1 containing
carotenoids

The influence of carotenoid binding on the efficiency of proton
pumping of HeimdallR1 was investigated by expressing the proteinin
Escherichiacolispheroplasts. Whenilluminated with white light (400-
700 nm), the spheroplasts demonstrated anenhanced light-dependent

outward proton flux uponthe addition of lutein or fucoxanthinbut not
of diatoxanthin (Fig. 5a top). Introduction of a fenestration-blocking
mutation, G141F (xanthorhodopsin position Gly156), abolished carot-
enoid binding (Extended Data Fig. 2c). Under the same illumination
conditionsandinthe presence of lutein, diatoxanthin or fucoxanthin,
the pumping activity of the non-fenestrated HeimdallR-G141F was
reduced ssignificantly (Fig. 5a bottom). This decline is probably caused
by non-specific adsorption of the carotenoids to the spheroplasts,
resulting in masking of light. Thisimplies that under our experimental
settings, the observed proton flux in wild-type HeimdallR1 with all
three xanthophyll antennas is in effect underestimated. Importantly,
the enhancement of the pumping activity in HeimdallR1 when bound
to lutein was maintained over a range of decreasing light intensities
(2,000, 860, 590 and 515 pmol m™2s7, Fig. 5b). This suggests that in
the photic zone, under open-ocean water conditions?, xanthophyll
antennas enhance rhodopsin performance from the very surface to
tens of metres deep.

Structure of HeimdallR1

We succeeded in purifying fucoxanthin-bound HeimdallR1 (Extended
Data Fig. 8a) and determined the crystal structure of HeimdallR1 at
2.0-A resolution (Extended Data Fig. 8b and Supplementary Table 2).
HeimdallR1appeared as amonomer in the crystal packing (Extended
DataFig. 8c), leavingits physiological oligomeric structure unknown.
The protein has the canonical architecture with seven transmembrane
helices (TM1-7) and an all-trans retinal (ATR) (Fig. 6a,b and Extended
Data Fig. 8d) with an overall high similarity to microbial rhodopsins.
HeimdallR1 shows a noteworthy deformation in TMé: a i-bulge fol-
lowed by a 3,,-helix segment, also known for green-absorbing prote-
orhodopsin?* and Exiguobacterium sibiricum rhodopsin® but absent
in xanthorhodopsins, NQ chloride and sodium pumps and related
families (Extended Data Fig. 8e), which makes it a prominent struc-
tural hallmark of proteorhodopsin-like families. HeimdallR1 diverges
from the other members of the proteorhodopsin-xanthorhodopsin
superclade most conspicuously in the structure of the loop portion
(Extended Data Fig. 8f,g): intracellular loop 3 (ICL3) forms a short
membrane-extending a-helix and tightly interacts with TM6 (Fig. 6b
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Fig. 6 | Crystal structure of HeimdalIR1 and the docking of lutein and
fucoxanthin using QM/MM simulations. a,b, Overall structure of HeimdallR1
with the retinal chromophore, viewed from the membrane plane (a) and
theintracellular side (b). ¢,d, Fenestrations in HeimdallR1 (c) and Kin4B8-
xanthorhodopsin (PDB ID: 8127) (d). e, Conservation of the residues surrounding
the fenestrations in HeimdallRs and Kin4B8-xanthorhodopsin. Glycine (G) and
tyrosine (Y) are coloured orange and cyan, respectively, while polar [threonine
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residues are coloured green and blue, respectively. f-h, HeimdallR1 structure,
energy minimized using the hybrid QM/MM method (f), and the docking of
lutein (g) and fucoxanthin (h) along the outer surface of TM6. Black dashed lines
indicate hydrogen bonds. i, Zeaxanthin-bound Kin4B8-xanthorhodopsin (PDB
ID: 8127). See Extended Data Fig. 9 for zoom-in on the fenestration area.

and Extended Data Fig. 8h). While asimilar helixin ICL3 is also present
in HeimdallR2, HeimdallR3 appears to lack it (Extended Data Fig. 8i).
Another salient structural detail of HeimdallR1is an unusually exten-
sive cavity at the cytoplasmic side that directly connects the putative
proton donor residue K92 with the bulk solvent, which distinguishes
it from E. sibiricum rhodopsin with which it shares the non-canonical
cationic donor®?°,

Aspredicted, the structure of HeimdallR1 features a fenestration
in the vicinity of the retinal ring owing to two glycine residues, G141
and G145 (Fig. 6¢). The residues in the bottom of the fenestration are
hydrophilic (Fig. 6d,e) as in Kin4B8-xanthorhodopsin, thus favour-
able for carotenoid binding. However, the resolved crystal structure
lacks fucoxanthin that was dissociated under the conditions used for
crystallization (Extended Data Fig. 8c). We thus explored the binding
of xanthophylls (lutein and fucoxanthin) to HeimdallR1 using hybrid
quantum mechanics/molecular mechanics (QM/MM) simulations”
(Fig. 6f-i).

Thisapproachrevealed that the carotenoids can formanintricate
hydrogen bonding network with water molecules, T142 and Y206 via
the hydroxyl groups present on the rings. We observed that lutein can
bind via both rings, preferably through the -ionone ring (C5 atom
ofthering directed towards retinal) where the hydroxyl group forms
hydrogenbonds with WAT331and T142, apart from the C-H...mtinterac-
tion of amethyl group with F149 (Fig. 6g and Extended Data Fig. 9b).
Thee-ringatthe other end is stabilized mainly by C-H...minteraction
of methylwithF171onICL3 (Supplementary Fig. 3). Fucoxanthin can

fit in the fenestration through the keto end and bind to the protein
similar to lutein through hydrogen bonding with WAT331 and T142,
and mi-interaction with F149 (Fig. 6h and Extended Data Fig. 9c). Fucox-
anthinbindingin the fenestration via the allene end would not be pos-
sible due to steric clashes betweenits acetate moiety and the protein.

Calculated excitation energies revealed a blue-shifted absorp-
tion spectrum upon binding of lutein or fucoxanthin to HeimdallR1
(Supplementary Table 3 and Fig. 4). Natural transition orbital analysis
showed mainly local excitations on the retinal and lutein/fucoxan-
thin, butalso charge transfer fromretinal to the respective carotenoid
(Extended DataFig.10). Electron densities are largely localized on the
retinal and the extended m-network of the carotenoid backbone with
nosignificant contribution from the rings. Thisindicates that the rings
of the carotenoids are important for binding with the rhodopsin but
not for energy transfer.

When comparing the calculated structures of HemidallR1 with
Kin4B8-xanthorhodopsin, the xanthophylls lie similarly transversely
against the outer surface of TM6 (Fig. 6i and Extended Data Fig. 9d).
However, the angles between the polyene chain and the protein are
very different in HeimdallR1 and Kin4B8 due to the helix in ICL3 and
the mt-bulge in TM6. Moreover, the orientation of the ring is differ-
ent in Kin4B8 such that its hydroxyl interacts with S208. Most impor-
tantly, T142 and F149, which are critical for fucoxanthin and lutein
binding in the QM/MM model, are not conserved in Kin4B8 (Fig. 6e).
The amino-acid difference in the fenestration may explain the unique
binding and energy transfer of fucoxanthin to HeimdallR1.
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Discussion

Two different spectral tuning strategies are currently known in
oceanic microbial rhodopsins. The first is determined mainly by
changesinasingle amino acid at position 105 (leucine?®* and methio-
nine® in green-absorbing proteorhodopsins, and glutamine®?® in
blue-absorbing proteorhodopsins) and enables proteorhodopsins to
absorblight according to depth, as bluelight penetrates deeper in clear
oceanic waters®. The second strategy is the use of carotenoid anten-
nas absorbing blue light for energy transfer to xanthorhodopsins®~,
green-absorbing proteorhodopsins’ and HeimdallRs (this study),
which otherwise absorb in green. Our present findings, illustrating
the advantageous nature of rhodopsin-xanthophyll complexes under
white-light illumination (Fig. 5b), suggest that the second strategy
follows the solar conditions encountered by marine microbes within
aquatic ecosystems (that is, multichromatic light availability at most
depthsinthe photic zone”), therefore allowing these microbes to utilize
available light more efficiently.

Asgard archaea possess three unrelated families of rhodopsins™:
heliorhodopsins and schizorhodopsins found in ‘Candidatus Lokiar-
chaeia’, ‘Candidatus Thorarchaeia’and ‘Ca. Heimdallarchaeia’, and the
outward proton pumps HeimdallRs, foundin ‘Ca. Heimdallarchaeia’. On
thebasis of these observations, it was suggested that during their evolu-
tionary history, ‘Ca. Asgardarchaeota’ were present in sunlit habitats®.
Thiswork demonstrates that agenuine planktonic lifestylein the photic
zone evolved only in the ‘Ca. Kariarchaeaceae’, a change correlated
with the acquisition of HeimdallRs (Fig. 2a). Moreover, a comparison
with the widespread photoheterotrophic ‘Ca. Poseidoniia’ demon-
strates that the lifestyle transition in the ‘Ca. Heimdallarchaeia’ must
berelatively recent, as the pelagic and putatively photoheterotrophic
forms in the latter are restricted to a single genus-level clade (‘Ca.
Kariarchaeum’) and the diversity of HeimdallRs is shallow compared
with both types of proton-pumping rhodopsins of ‘Ca. Poseidoniia’
(Fig.1a). The acquisition of HeimdallRs by ‘Ca. Kariarchaeum’ further
spotlights the metabolic diversity among the ‘Ca. Heimdallarchaeia™®,
althoughgivenits late date, it contributeslittle to the understanding of
the metabolism of the first eukaryotic common ancestor that probably
had a heimdallarchaeial origin'"'®.

Notwithstanding the parallels between ‘Ca. Poseidoniia’ and
‘Ca. Kariarchaeum’, the three groups of proton-pumping rhodopsins
appearingin the planktonic Archaea: proteorhodopsins (Archaeaclade
A rhodopsins, or ACA) and Archaea clade B (ACB) rhodopsins in ‘Ca.
Poseidoniia™ ' and heimdallarchaeia rhodopsins (HeimdallRs) in‘Ca.
Kariarchaeaceae’, diverge in their ability to form two-chromophore
complexes. None of the ‘Ca. Poseidoniia’ proton pumps appear to be
capable of binding carotenoid antennas. Thus, archaeal proteorho-
dopsins are not fenestrated and while some ACB rhodopsins, such as
ACB-G35, dofeature afenestration, itis dissimilar to the fenestrationin
bacterial xanthorhodopsins and proteorhodopsins andis consequently
incapable of mediating carotenoid binding as shown by our experiments
(Fig. 1c). AllHeimdallRs, on the other hand, possess the canonical fen-
estration similar to that of the carotenoid-binding proteorhodopsins
and xanthorhodopsins. In line with this, we discovered that these rho-
dopsins from ‘Ca. Kariarchaeum’, thus far uniquely among microbial
rhodopsins, can utilize such dissimilar xanthophyll antennas as lutein
and fucoxanthin. These pelagic Asgard archaea donot appear to possess
knowngenes necessary for retinal or xanthophyll synthesis anditis thus
possible that this lack of specificity might reflect aspectrum of antennas
recruited by them from the environment. Understanding of the exact
mechanism by which the tripartite opsin-retinal-xanthophyll complex
isassembled will require isolation of ‘Ca. Kariarchaeum’in culture.

Methods

Proteins chosen for expression

Three representatives from the HeimdallR family were selected on the
basis of protein sequence dissimilarity: HeimdallR1 (GenBank accession

number MBS85746.1) from MAG RS678 (Archaea, ‘Ca. Asgardarchae-
ota), ‘Ca. Heimdallarchaeia’, order UBA460, ‘Ca. Kariarchaeaceae’, ‘Ca.
K. pelagium’) from the Red Sea (Tara Oceans)*, HeimdalIR2 (GenBank
accession number NDB54273.1) from MAG WBC_A 4 184 (‘Ca. K. pela-
gium’) from the estuary of the Apalachicola River, Florida®, and Heim-
dallR3 from ‘Ca. Kariarchaeum’ scaffold Gs0128817_NODE_76 obtained
from metagenomic data from Groves Creek Marsh, Skidaway Island,
Georgia (JGI project Gs0128817). HeimdallR3 was first identified in the
metatranscriptomic fragment Ga0182069_1327250, and the complete
openreading frame (ORF) could be recovered by recruiting raw metagen-
omic and metatranscriptomic reads from read runs included in the
project with bowtie2 (v.2.3.5.1)** using Ga0182069 1327250 as seed and
assembling therecruited reads withspadesv.3.15.5. The resulting contig
was further extended in both directions by iterative read recruitment
with bowtie2. The highest coverage for the final scaffold was obtained
from the metagenomic run SRR7152995 and metatranscriptomic run
SRR6980959. ACB-G35 (GenBank accession number MBA4694301.1)
from MAG MCMED-G35 (Archaea, ‘Ca. Thermoplasmatota’, ‘Ca.
Poseidoniia’, ‘Ca. Poseidoniales’, ‘Ca. Poseidoniaceae’, species MGlla-K1
sp003602415)* was selected as a representative of the Archaea
clade B family.

‘Ca.K. pelagium’ pan-genome

The pan-genome of ‘Ca. K. pelagium’ was obtained from the MAGs GCA _
002728275.1, GCA_008081315.1, GCA_010028315.1, GCA_011525205.1,
GCA_018623815.1, GCA_036161275.1, GCA_938030875.1, OceanDNA-a2,
OceanDNA-a3, OceanDNA-a4, OceanDNA-a5, OceanDNA-a6,
OceanDNA-a7 and TARA_SAMEA2620081_METAG_EEAABNBB with
SuperPang (v.1.3.0)** using a relaxed identity threshold of 80% and
a k-mer size of 101. A total of 15 pan-genomic contigs with an overall
length 0f1,524,797 bp were found to containregions identified as core
and were used to represent the ‘Ca. K. pelagium’ pan-genome. Gene
predictionand annotation were performed using the NCBI Prokaryotic
Genome Annotation Pipeline (v.2024-04-27.build7426)".

Genome phylogeny

Genomes chosen for phylogenetic reconstruction of the ‘Ca. Kari-
archaeaceae’ were obtained from GenBank, OceanDNA*® and Ocean
Microbiomics Database®® on the basis of the taxonomic assignment
in GTDB (r.220)*° and source databases. To exclude contaminating
scaffolds in the ‘Ca. K. pelagium” assemblies, scaffolds contributing to
the pan-genomic contigs with core regions (see above) were selected.
Geneswere predicted with Prodigal (v.2.6.3)* on the basis of the filtered
assemblies (for ‘Ca. K. pelagium’) or entire assemblies (other mem-
bers of the family). The predicted amino-acid sequences were used to
reconstruct concatenation phylogeny with PhyloPhlAn (v.3.02)*" using
the ‘phylophlan’ marker database, USEARCH (v.11.0.667)* for marker
identification, MAFFT (v.7.475)* for alignment, TrimAl (v.1.4.1)** for
alignment trimming and RAXML (v.8.2.12)* with 1,000 rapid bootstrap
iterations for phylogenetic reconstruction. Only markers appearingin at
least 60% of the genomes wereincluded inthe phylogenetic reconstruc-
tion. RAXML was run with automatic model selection: the best-fitting
model with CAT approximation selected by the Bayesian information
criterion (BIC) was VT (with empirical frequencies). The scaffold con-
taining HeimdallR3 was placed on the resulting tree using the follow-
ing strategy: homologues of two genes located on the scaffold were
foundinatleast fourother‘Ca.Kariarchaeaceae’ genomes using BLASTp
from NCBI BLAST+ (v.2.15.0)*¢ (E-value threshold of 1 x 1075): gene G1
of unknown function and G2 coding for a DnaJ-like protein, and were
recruited for phylogenetic placement. MAFFT alignments of the protein
sequences of G1 and G2 were added to the concatenated alignment of
the marker genes, and the resulting extended alignment was used to
evaluate the species tree with RAXML to obtain model parameters for
pplacer and update the branch lengths. The model used for the evalua-
tionwas obtained with ProtTest3 (v.3.4.2)* among models supported by
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pplacer (LGand WAG): the best-fitting model according to BIC was WAG
withT-distributed rates and empirical frequencies. The extended align-
ment and the updated species tree were used to place the HeimdallR3
scaffold using pplacer (v.1.1.alpha)*®. The species tree shown in the main
textcorrespondstothe RAXML tree evaluated using the extended align-
ment. The tree was midpoint-rooted but the position of the root was
found tobeinagreement with the phylogenetic reconstructionin GTDB.

Rhodopsin phylogeny

The branching pattern of the early-diverging families of the prote-
orhodopsin-xanthorhodopsin superclade, including HeimdallR1,
receives weak support valuesin phylogenetic reconstructions and var-
iesbetweenstudies. Therefore, to visualize phylogenetic relationships
among the rhodopsins, we used a phylogenetic network. Rhodopsin
sequences representative of the different familiesin the proteorhodop-
sin-xanthorhodopsinsuperclade were aligned with MAFFT (--auto) and
trimmed with TrimAl (-gt 0.9). NeighborNet network was obtained with
SplitsTree (v.4.17.0)*’ on the basis of uncorrected p distances. Presence
and type of fenestration were checked by folding the proteins with
AlphaFold 3 (ref. 50). A distance-based tree of the HeimdallR family
was obtained by collecting HeimdallR protein sequences at least 210
residuesinlength, clustering them at 100% identity level with CD-HIT
(v.4.8.1)", aligning with MAFFT (automatic mode) and reconstructing
aneighbour-joining phylogeny in MEGA (v.10.2.5)*? under the Dayhoff
model withgamma-distributed substitution rates (shape parameter of
1.0) with 100 bootstrap replicates.

Global distribution of HeimdalIRs

Ocean Microbial Reference Catalog v.2 (OM-RGC v.2)* and proteins
assigned to pfam01036 family in aquatic metagenome and metatran-
scriptome assemblies in JGI Integrated Microbial Genomes and
Microbiomes (IMG/M)** were used to extract quantitative data on the
distribution of HeimdallRs and other marine archaeal proton pump
clades. For the IMG/M data, only samples from marine and estuarine
environments no deeper than 200 m were considered. Sequences
belonging to marine archaeal proton pumps were identified by search-
ing the databases with BLASTp using representative sequences from
the proteorhodopsin-xanthorhodopsin superclade with the following
empirical thresholds: an £-value threshold of 1 x 10°, minimumidentity
of 50% and abitscore threshold of 90. Proteins with best matches to one
of the three families were assigned to taxa with mmseqs2 (v.14.7e284)>*
using a pre-built database of taxonomically classified rhodopsin
sequences extracted from GTDB representative genome assemblies.
Sequences classified to Archaea were retained. The accuracy of this
rhodopsin clade classification strategy was verified by BLAST searches,
alignment and phylogenetic analysis. Length-adjusted abundances for
the genes were taken directly fromthe gene atlasin the case of OM-RGC
v.2 and approximated by dividing the scaffold read depths by scaffold
lengths in the case of IMG/M. Relative abundances of HeimdallRs were
obtained by dividing their abundance by the total abundance of the
three archaeal proton pump clades. Relative abundances with respect
toallregular microbial rhodopsins were obtained by dividing HeimdallR
abundances by the total abundance of rhodopsin genesidentified in the
same samples by searching protein sequences against the Pfam profile
PF01036.24 with hmmsearch from HMMER (v.3.4)%.

Analysis of the global distribution of ‘Ca. K. pelagium’ and
variation across the genome

The contigs that constituted the core pan-genome of ‘Ca. K. pelagium’
(see above) were used as a reference to recruit contigs from marine
metagenomic and metatranscriptomic datasetsin Logan (v.1.1)** with
minimap2 (v.2.28)* using default settings. The mappings were filtered
toretain only hits with <20% sequence divergence based on minimap2’s
‘de’tag. The fraction of the pan-genome covered by the mapped contigs
was used asameasure of ‘Ca.K. pelagium’abundance at each location.

For the analysis of genome-wide variation, metagenomic contigs were
treated as a single pool of mapped sequences and depth of coverage
calculation and variant calling were performed with DepthOfCoverage
and Mutect2 from gatk4 (v.4.6.1.0)°%, respectively. The variants were
subsequently filtered with FilterMutectCalls, and single-nucleotide
polymorphisms as well as short multinucleotide variations (up to nine
nucleotides) were used to obtain numbers of variable positions per
nucleotide calculated for sufficiently long ORFs (at least 300 bp) and
for sliding windows of 200 bp.

Carotenoids

Lutein (PHR1699), B-carotene (PHR1239) and fucoxanthin (F6932) were
purchased from Sigma-Aldrich. Diatoxanthin was obtained from Phaeo-
dactylumtricornutumstrain CCAP1055/5 (Culture Collection of Algae
and Protozoa - Scottish Association for Marine Science, Scotland, UK).
The extract from dried biomass of P. tricornutum was obtained with 80%
ethanol. For the separation of diatoxanthin fromthe extract of P. tricor-
nutumbiomass, a high-performance countercurrent chromatography
(HPCCC) system was used in a two-step procedure. The mobile phase
consisted of the lower phase of atwo-phase solvent system (n-heptane,
ethylacetate, ethanoland water inaratio of 5:4:5:3, v/v/v/v), while the
stationary phase was the upper phase. In the first HPCCC separation
step, an amount of 120 mg of the algal extract was processed with the
HPCCC using the mobile phase at a flow rate of 3 ml min™, resulting
in 0.25 mg of the fraction containing diatoxanthin. The same separa-
tion process was repeated 10 times, and the collected target fractions
were pooled, finally yielding 2.5 mg of the diatoxanthin fraction after
removal of the solvent by rotary evaporation under reduced pressure at
28 °C.Toincrease the purity of the obtained fraction (2.5 mg), asecond
HPCCC separation step was performed at a mobile phase flow rate of
1.5mlmin™, yielding 1.5 mg of the diatoxanthin fraction. The diatox-
anthin fraction obtained by the two-step HPCCC was finally purified
by gel permeation chromatography using Sephadex LH-20 gel and a
mobile phase of 100% methanol. The collected diatoxanthin fraction
was evaporated using a rotary evaporator under reduced pressure at
28 °C andyielded 0.57 mg of the compound.

Mediterranean Sea chromophore extract

Water (450 I) was sampled on25January 2023 at 8:00 in the Mediterra-
nean Seanear Michmoret harbour (32° 32.410144’ N, 34° 34.846542 E).
The water sample was then filtered on a 0.22 um Durapore PVDF mem-
brane filter (Milliporem, GVWP14250) after pre-filtration through a
mesh net. The sample-containing membranes were then freeze dried
using alyophiliser (Coolsafa110-4, ScanVac) for -48 h. Chromophore
extraction was done directly on the dried membranes with hexane®.
Briefly, dried samples were resuspended in 10 mlacetone by applying
extensive pipetting and vortexing. Hexane and 10% NaCl were added
tothe mixtureina2:2:1ratio (acetone:hexane:10% NaCl). The mixture
was vortexed and then centrifuged at 3,000 g at 4 °C for 3 min. The
hexane (top) layer was then transferred to a separate Falcon tube
and the process was repeated until the hexane phase became colour-
less. Combined hexane fractions were then dried using N, gas and
eitherreconstituted in1 mlabsolute ethanol or lyophilised for further
characterization.

N,-dried lyophilised extracts (10 mg) were resuspended in1 mlof
methanol, agitated for 2 minin2-mlscrew-top polystyrene tubes with
0.5 gof0.5-mmglassbeads under N, inaGenie disruptor andincubated
overnightat-20 °C. The chromatographic analysis of the pigmentsin
the extracts was performed in a Merck Hitachi HPLC equipped with a
diode array detector according to the method describedinref. 60. The
column used was an RP-18, the flow rate was 1 ml min™, and 100 pl of
the sample wasinjected. The mobile phases used were: solvent A (ethyl
acetate 100%) and solvent B (acetonitrile:H,0, 9:1 v/v). The gradient
appliedwas: 0-16 min 0-60% A;16-30 min 60% A; and 30-35 min100%
A.Standards were supplied by MERCK-SIGMA or DHI.
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Expression of HeimdallR family representatives

The genes of HeimdallR2 and HeimdallR3 were first optimized
using JCat® for expression in E. coli and cloned into pET21a (+)
vector with a C-terminal six-His tag using Ndel and Xhol restric-
tion sites. The point mutation in HeimdallR1 G141F, prepared
to block the fenestration in HeimdallR1, was obtained using
the NEB QS5 site-directed protocol (https://nebasechanger.neb.
com/) with primers 5-TGTGGTTTGGtttACCCTGAGCGGC-3’ and
5’-CGCATGCCGTCAACG-3".

E.coliC43(DE3) cells harbouring the pET21a (+) HeimdallR1/Heim-
dallR2/HeimdallR3/HeimdallR1-G141F cloned plasmid were grown over-
nightat 37 °C in LB medium supplemented with ampicillin (50 pg ml™).
The next day, the overnight culture was inoculated at a 1:20 dilution
into M9 medium containing 50 pg ml™ ampicillin. This was grown at
220 r.p.m.and 37 °Cuntilan optical density at 600 nm (OD,,) of -0.6.
The expression of the protein was then induced with 0.25 mM isopropyl
[S-D-thiogalactopyranoside (IPTG) in the presence of 10 uM all-trans
retinal (Toronto Research Chemicals) at 37 °C for 4 h.

Expression of ACB-G35 rhodopsin

The gene for ACB-G35 rhodopsin was first optimized for the E. coli
expression systemand clonedinto pET21a (+) vector with a C-terminal
six-His tag, using Ndel and Xhol restriction sites.

E. coli C43 cells harbouring the pET21a (+) ACB-G35 rhodopsin
cloned plasmid were grown at 37 °Cin LB medium supplemented with
ampicillin (50 pg ml™) overnight. The next day, the overnight culture
was inoculated at a1:100 dilution in LB medium containing 50 pg ml™
ampicillin. Thiswas grownat 220 r.p.m.and 37 °C untilan OD, 0of ~0.6.
The expression protein was induced by 1 mM IPTG in the presence of
10 puM all-transretinal (Toronto Research Chemicals) at 37 °C for 4 h.

Rhodopsin purification

Therhodopsin-expression E. coli cultures were centrifuged at 5,000 x g
for15minat4 °Candkeptat-80 °Covernight. The pellet was thawed on
iceandresuspendedinabuffer containing 50 mM Tris-HCIpH 8.0, 5 mM
MgCl, and 0.1 mM PMSF (P7626, Sigma-Aldrich). The sample was dis-
rupted by using a microfluidizer for 10 passes at 60 psi. Then, the sam-
plewas centrifuged at 5,000 x gfor15 minat4 °Cto pellet undisrupted
cells or large cell debris. Membranes were collected by centrifuging
the sample at 37,000 x g for 1.5 h at 4 °C, and resuspended in a buffer
containing 50 mM MES-NaOH pH 6.0,300 mM NaCl, 5 mMimidazole,
5 mM MgCl,, 10% glycerol and 2% n-dodecyl-B-D-maltopyranoside
(DDM) final concentration. The sample was incubated overnight at
4 °Cwithgentlerotation, and asecond centrifugationat 37,000 x gfor
1.5 hat4 °Cwas performed. The supernatant was thenincubated with
Ni-Beads (31103, Cube Biotech) for1 h. Beads were washed on agravity
column using a buffer containing 50 mM MES-NaOH pH 6.0, 300 mM
NaCl,10%glycerol, 0.05% DDM and 5 mMimidazole. Protein was eluted
from the column using a buffer containing 50 mM MES-NaOH pH 6.0,
300 mMNacCl, 10% glycerol, 0.05% DDM and 250 mMimidazole. Eluted
protein was washed with storage buffer (50 mM MES-NaOH pH 6.0,
300 mMNacCl,10%glyceroland 0.05% DDM) using Amicon 3-kDa cut-off
centrifugalfilters (UFC800324, Millipore). The protein was then flash
frozeninliquid N,and stored at —80 °C.

Binding of the Mediterranean Sea chromophore extract to
rhodopsin proteins

Purified rhodopsin protein (1 mg) was mixed with the Mediterranean Sea
chromophore extractataratioof atleast1:3 0D (rhodopsin:carotenoid
mixture) and incubated overnight with gentle rotation at 4 °C. Etha-
nol, the solvent used for carotenoid resuspension, was kept below 1%
throughout theincubation step to ensure minimal denaturation of the
rhodopsinprotein. Then, 0.5 ml of Ni-Beads (31103, Cube Biotech) was
added to the mixture and incubated with gentle rotation for1hat4 °C,
andloaded onto agravity columnwhere the bound protein was washed

with 20 ml (equivalent of 40 column volume) of storage buffer (50 mM
MES-NaOH pH 6.0, 300 mM NacCl, 10% glycerol and 0.05% DDM) at
roomtemperature. The rhodopsin protein was then eluted using 3 ml
of buffer containing storage buffer and 300 mM imidazole, followed
by anadditional step of buffer exchange using 18 ml of storage buffer.

Binding of commercial xanthophyll to rhodopsin proteins

The purified rhodopsin was mixed with carotenoids fresh stock dis-
solved in dimethylsulfoxide (DMSO) and incubated overnight with
gentlerotation at4 °C. The molar quantities of each component were
estimated on the basis of their respective absorption spectra, utilizing
molar extinction coefficients of £=45,000-50,000 M cm™ at the
absorption peak of rhodopsin and £=145,100 M cm™ at 445 nm for
carotenoids. The volume of DMSO was adjusted to ensure it did not
exceed 5% of the solution volume of rhodopsin. Subsequently, ~0.5 ml
of Ni-Beads (31103, Cube Biotech) was added to the mixture for 1 h at
4 °C. The rhodopsins were then washed extensively using a storage
buffer and eluted using the same buffers used for the initial purification.

Absorption spectroscopic measurements

Absorption spectral measurements of HeimdallR1, HeimdallR2, Heim-
dallR3, ACB-G35 and Kin4B8-xanthorhodopsin with and without carot-
enoids were taken withaShimadzu (UV-1800) spectrophotometer. The
absorption spectral measurements of HeimdallR1 and ACB-G35 with
carotenoid extract were taken witha BioTek Synergy MX plate reader.

Fluorescence spectroscopic measurements

Fluorescence emission and excitation spectral measurements were
takenonajobin Yvon-Spex Fluorolog-3 spectrofluorometer. The spec-
trofluorometer is equipped with 450 W Xe-lamp as the light source,
double-grating monochromator in the excitation, single-grating in
emission positions, and a photomultiplier tube detector (R928P). All
measurements were done at pH 5.5 and at a slit width of 10 nmin the
excitation and emission wavelengths. Emission was monitored at
720 nm and excitation was varied between 400 nm and 650 nm. The
absorbance of all samples was kept at OD < 0.5. Fluorescence excitation
spectral profile was corrected by the absorbance spectra profile for
eachnm due to theinner filter effect: Fiyey = Fr10“ % where Figen
is the ideal fluorescence intensity after we consider the inner filter
effect, Fq,isthe fluorescenceintensity measured, A is the absorbance
at the Fq, excitation point and A, is the absorbance at the emission
point (always at 720 nmin our case)®*.

Protein expression and purification of HeimdallR1 for
photocycle measurements

E. coli C43(DE3) cells harbouring the HeimdallR1-cloned plasmid
were grown at 37 °C in LB medium supplemented with ampicillin
(50 pg mI™) overnight. The next day, the overnight culture was inocu-
lated in M9 medium containing 50 pg ml™ ampicillin. This was grown at
200 r.p.m.and 37 °C (until 0Dy, of ~0.6). Expression of the C-terminal
6x His-tagged protein was induced by 0.1 mMIPTG in the presence of
10 pM all-trans retinal (Toronto Research Chemicals) at 37 °C for 4 h.
The collected cells were sonicated (Ultrasonic Homogenizer VP-300N,
TAITEC) for disruption in a buffer with 50 mM Tris-HCl pH 8.0 and 5 mM
MgCl,. The membrane fraction was collected by ultracentrifugation
(CP8ONX, Eppendorf Himac Technologies) at 142,000 x gfor 1 h. The
proteins were solubilized in a buffer containing 50 mM MES-NaOH
pH 6.5, 300 mM NacCl, 5 mM imidazole, 5 mM MgCl, and 3% DDM
(ULTROL Grade; Calbiochem, Sigma-Aldrich). Solubilized proteins
were separated from the insoluble fractions by ultracentrifugation at
142,000 x gfor1h. Proteins were purified using a Co-NTA affinity col-
umn (HiTrap TALON crude, Cytiva). The resin was washed with a buffer
containing 50 mM MES-NaOH pH 6.5,300 mM NaCl, 50 mMimidazole,
5mMMgCl,and 0.1% DDM. Proteins were eluted in a buffer containing
50 mM Tris-HCIpH 7.0,300 mM NacCl, 300 mMimidazole, 5 mM MgCl,
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and 0.1% DDM. Eluted protein was immediately concentrated using a
50 ml centrifugal ultrafiltration filter with a molecular weight cut-off
of 30 kDa (Amicon Ultra-4, Millipore) and the buffer exchanged with
another buffer containing 50 mM HEPES-NaOH pH 7.0,150 mM Nacl,
10% glycerol and 0.1% DDM.

Purification of carotenoid-binding HeimdallR1
Carotenoid-binding HeimdallR1 was obtained by mixing purified Heim-
dallR1 with carotenoids (lutein or fucoxanthin). First, carotenoids
were dissolved in DMSO at twice the molar amount of HeimdallR1 to
be bound. The molar amounts of each were estimated by measuring
the absorption spectrum (Extended Data Fig. 6a) using amolar extinc-
tion coefficient of ¢ =45,000 M cm™ at the absorption maximum of
rhodopsin and £ =145,100 M cm™ at 445 nm for carotenoids. The
volume of DMSO was adjusted so that it did not exceed 2% of the rho-
dopsin solution volume. After preparing the carotenoid solution as
described above, it was added to HeimdallR1 and left onice and in the
dark for 2 h, gently mixing the solution every 15 min. To remove the
excess of carotenoids not bound to HeimdallR1, it was purified again
using the same method as the purification of the original HeimdallR1
protein. The purified protein was immediately concentrated using a
50 ml centrifugal ultrafiltration filter with a molecular weight cut-off
of 30 kDa (Amicon Ultra-4, Millipore) and the buffer exchanged with
another buffer containing 20 mM HEPES-NaCl pH 7.0, 100 mM NacCl
and 0.05% DDM.

Laser-flash photolysis

For laser-flash photolysis spectroscopy, HeimdallR1 with/without
lutein or fucoxanthin was solubilized in 20 mM HEPES-NaCl pH 7.0,
100 mMNaCland 0.05% DDM. The OD of the rhodopsin was adjusted to
~0.4-0.5 (protein concentration of ~0.2-0.25 mg ml™) for HeimdallR1
and HeimdallR1 with fucoxanthin and ~0.2 (protein concentration of
~0.1 mg ml™?) for HeimdallR1 with lutein at the A°,,,. The laser-flash
photolysis measurement was conducted as previously described'*®*.
Nanosecond pulses from an optical parametric oscillator (A, =550
(without lutein), 535 (with lutein) and 540 nm (with fucoxanthin),
4.5mJ pulse™ cm,1.1 Hz (basiScan, Spectra-Physics)) pumped by the
third harmonics of Nd-YAG laser (A = 355 nm, INDI40, Spectra-Physics)
were used for the excitation of HeimdallR1 with or without luteinand
with or without fucoxanthin. The transient absorption spectra were
obtained by monitoring the intensity change of white light from a
Xe-arc lamp (L9289-01, Hamamatsu Photonics) passed through the
sample with an ICCD linear array detector (C8808-01, Hamamatsu
Photonics). Toincrease the signal-to-noise ratio, 40-60 spectrawere
averaged, and singular-value decomposition analysis was applied.
To measure the time evolution of transient absorption change at
specific wavelengths, the output of a Xe-arc lamp (L9289-01, Hama-
matsu Photonics) was monochromated by monochromators (S-10,
Soma Optics), and the change in intensity after the photoexcitation
was monitored with a photomultiplier tube (R10699, Hamamatsu
Photonics). To increase signal-to-noise ratio, 200-400 signals were
averaged. The signals were globally fitted using a multi-exponential
function to determine the lifetimes and absorption spectra of each
photointermediate.

To measure the fold change in transient absorption change
between with and without xanthophylls, nanosecond pulses
from an optical parametric oscillator (basiScan, Spectra-Physics)
pumped by the third harmonics of Nd-YAG laser (A = 355 nm, INDI4O0,
Spectra-Physics) were used for the excitation of HeimdallR1 at different
wavelengths (A, =425, 450, 465, 480, 545 and 590 nm for lutein, and
Aoy =440, 465, 580, 490, 530, 540, 550 and 600 nm for fucoxanthin).
The pulse energy was adjusted to 0.55 mJ cm™and 0.56 m) cm™ for
lutein and fucoxanthin, respectively, to keep the linearity between the
number of the absorbed photons and the transient absorption change.
Quantum yield (QY) based on fold change in transient absorption

change between with and without xanthophylls was calculated using
the following equations:

For lutein:

AOD+xanthophyII
QY(%) = Abs+xanthophyl[,545nm X
AOD+xanth0phyII,S4Snm (1)

1

_Abs—xanthophy]l X x 100

ADS ; xanthophyll —AbS_xanthophyll

For fucoxanthin:

(Fold in TA change — 1) x Abs_,anehopnyit

QY(%) = x 100 )

Abs+xanthophyll - Abs—xanthophyl[

HPLC analysis of retinal isomers

Retinal configuration was analysed by HPLC using purified HeimdallR1
or HeimdallR1with lutein or fucoxanthinin abuffer containing 20 mM
HEPES-NaCl pH 7.0,100 mM NaCl, 0.05% DDM. Before the measure-
ments, the OD of the rhodopsin was adjusted to~0.2 (protein concentra-
tion of -0.1 mg ml™), and the proteins were stored at 4 °C overnight in
thedark for dark-adapted (DA in Fig. 4) samples. The HPLC system was
equipped withasilica column particle size of 3 um, 150 x 6.0 mm (Pack
SIL, YMC), pump (PU-4580, JASCO) and UV-Vis detector (UV-4570,
JASCO). The solvent was composed of 15% (v/v) ethyl acetate and 0.15%
(v/v) ethanolin hexane and with a flow rate of 1.0 ml min. To denature
the protein, 280 pl of 90% methanol solution was added to the 75 pl
sample. Retinal oxime formed by the hydrolysis reaction with 25 pl of
2 M hydroxylamine solution was extracted with 800 pl of hexane, and
200 plofthe solution wasinjected into the HPLC system. For measure-
ments under light illumination (Light in Fig. 4), the sample solutions
were illuminated at A = 550 + 10 nm for HeimdallR1 and HeimdallR1
with fucoxanthin and at A = 540 + 10 nm for HeimdalIR1 with lutein
(Bandpass, AGC Techno Glass) for 1 min, followed by denaturationand
hydrolysis of the retinal chromophore under illumination. For meas-
urements of light-adapted (LA in Fig. 4) samples, the sample solution
wasilluminated atA =550 + 10 nm for HeimdallR1and HeimdallR1with
fucoxanthinand atA =540 + 10 nm for HeimdallR1with lutein for 1 min,
and after waiting for 1 min, denaturation and hydrolysis reactions of
theretinal chromophore were conducted. The molar compositions of
the retinal isomers were calculated from the areas of the correspond-
ing peaks in the HPLC patterns. The molar composition of the retinal
isomersinthe sample was determined with the molar extinction coef-
ficients at 360 nm for each isomer (all-trans-15-syn: 54,900 M cm™;
all-trans-15-anti: 51,600 M cm™;13-cis-15-syn, 49,000 M cm™; 13-cis-
15-anti: 52,100 M cm™; 11-cis-15-syn: 35,000 M cm™; 11-cis-15-anti:
29,600 M cm™). Three independent measurements were performed
to estimate experimental error.

pH titration

Toinvestigate the pH dependence of the absorption spectra of Heim-
dallR1with/withoutlutein and with/without fucoxanthin, the OD of the
rhodopsinwas adjusted to~0.5 (protein concentration of -0.25 mg ml™)
andsolubilized ina 6-mix buffer (trisodium citrate, MES, HEPES, MOPS,
CHES, CAPS (10 mM each, pH7.0),100 mM NaCland 0.05% DDM). The
pHwasadjusted to the desired value by the addition of small aliquots of
1-5NHCland NaOH. Absorption spectra were recorded using a UV-Vis
spectrometer (V-750,JASCO). The measurements were performed at
every 0.3-0.6 pH value.

Low-temperature UV-Vis and FTIR spectroscopic analysis

Samples for low-temperature UV-Vis and FTIR spectroscopy were
prepared as described for photocycle measurements with small modifi-
cations. The proteins were solubilized using 1% DDM (Anatrace). Then,
the samples, HeimadallR1 with lutein, with fucoxanthin, or without
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xanthophylls, were reconstituted into POPE:POPG membrane as
described previously’.

Low-temperature UV-Vis spectroscopy and FTIR spectroscopy
were performed as described previously’. Briefly, lipid-reconstituted
HemidallR1was placed onto aBaF, window making dry films. Hydrated
films with 1 pl H,0 or D,O were fixed to a cryostat (Optistat, Oxford
Instruments) attached to UV-Vis (V-750,JASCO) and FTIR (Cary670,
Agilent) spectrometers. K intermediates of HemidallR1 were generated
by irradiating 530 nm light for 30 s using an interference filter (KL53,
Toshiba) at 77 K, which was reverted to the original state by >590 nm
for 30 swith a cut-offfilter (R-61 cut-offffilter, Toshiba). Light-activated
difference spectra were obtained by subtracting spectra before light
irradiation from spectraafter lightirradiation at 77 K. Averages of 100
experiments were conducted for the spectraof HeimadallR1with lutein,
with fucoxanthin, or without xanthophylls.

Proton-pumping measurements

The protocol was modified from ref. 64. In brief, 200 ml of
rhodopsin-expressing E. coli cells was centrifuged at 3,600 g for
10 minand resuspendedinto20 mlof 30 mM Tris-HCI pH 8.0 and 20%
sucrose. Lysozyme (200 pg) (L6876, Sigma-Aldrich) was added to the
cell suspension and gently rotated for 1 h at room temperature. The
resulting spheroplasts were centrifuged at 3,600 gfor 15 minat room
temperature and the pellet was resuspended with 6 ml of unbuffered
solution (10 mM NacCl, 10 mM MgSO,-7H,0 and 100 pM CacCl,), added
with 100 pM lutein, diatoxanthin or fucoxanthin to ~2 ml (a third of
the volume), and incubated overnight at 4 °C with gentle rotation.
Spheroplasts were then washed three times with unbuffered solution
(10 mM NacCl, 10 mM MgS0,-7H,0 and 100 puM CaCl,).

Samples were keptinthe dark until the pH stabilized, and illumi-
nated using aMax-303 compact xenon lamp (Asahi Spectra). The light
intensity at the sample location was 860 pmol m™ s for the different
carotenoids experiments (Figs. 5a), and 2,000, 860, 590 and
515 pmol m~2 s for the different light intensity experiments (Fig. 5b).
The light intensity measurements were performed using a LI-COR
Biosciences LI-250A light metre. pH was monitored using a LAQUA
F-72G pH/ION metre (HORIBA) equipped with a 9618S-10D pH micro-
electrode. To explore the effect of xanthophyll antennas on proton
pump activity, pH measurements were converted to proton concen-
tration. An initial analysis of the data determined that proton con-
centrations were changing in a near-linear manner in the range
between 40 and 70 s after illumination onset, hence the rate of proton
pumping was approximated by the slope of the regression line for
A[H']Jovertimeinthisrange: a + b x t (wWhereaand b are intercept and
slope, respectively, and tis time). The experiment was conducted in
apairwise manner: asingle preparation of spheroplasts derived from
asingle E. coli colony (all prepared from the same transformation
stock expressing the rhodopsin gene) was used to obtain
proton-pumping rates for the protein with (b™“) and without the
carotenoid antenna (b"). In total, at least four independent sphero-
plast preparations were utilized for each protein assay with and with-
out a carotenoid antenna. Spheroplast samples exhibiting low
rhodopsin expression where proton-pumping activity was near or
below the detection threshold of the pH metre used were excluded
from the analysis. A total of nine samples were excluded due to insuf-
ficient proton-pumping activity. Fold change was calculated as the
ratio between the two rates: b™“/b". The resulting log,-fold changes
(LFC) were used to analyse the influence of the presence/absence of
the fenestration, light intensity and type of antenna using linear
modelsinR (v.4.4.1)®. Since spheroplasts were prepared in batches,
batch was incorporated as a random effect and mixed models were
fit with Ime4 (v.1.1-31)°°. The design formula used for the
light intensity experiment (with lutein as the antenna) was as
follows: LFC ~ intensity * fenestration + (1|batch). For the experiment
with varying antenna types (at 860 pmol m?2s™), the formula was

LFC ~ antenna type * fenestration + (1|batch). Type-Ilanalysis of deviance
tables was conducted with the Anova function in the car package
(v.3.1-1)". Distribution of the residuals was checked visually using
Q-Q plots and while they were normally distributed in the
light-intensity analysis, outliers in the antenna-type analysis were
found to cause moderate deviation from the expected distribution
of the residuals. Removal of these outliers improved the fit but did
not lead to qualitative changes in the results of the analysis.

Protein expression and purification for structural analysis
pET21a-HeimdallR1 was transfected in E. coli C41 (Rosetta). The trans-
formant was grown in LB supplemented with 50 pg mI™ ampicillin at
220 r.p.m.at37 °C.Whenthe OD,,reached 0.6, expression wasinduced
using 1 mM IPTG. The induced culture was grown at 120 r.p.m. for 4 h
at 37 °Cin the presence of 10 uM all-trans retinal. The collected cells
were disrupted by sonication in buffer containing 20 mM Tris-HCI pH
8.0,200 mMNaCland10%glycerol. The crude membrane fraction was
collected by ultracentrifugation at 180,000 x gfor1h. The membrane
fraction was solubilized in buffer containing 20 mM Tris-HCI pH 8.0,
200 mM NacCl, 1.5% DDM, 10% glycerol and 10 mM imidazole for 1 h
at 4 °C. The supernatant was separated from the insoluble material
by ultracentrifugation at 140,000 g for 30 min and incubated with
Ni-NTAresin (Qiagen) for 30 min. The resin was washed with 10 column
volumes of wash buffer containing 20 mM Tris-HCI pH 8.0, 500 mM
NaCl, 0.03% DDM, 10% glycerol and 20 mM imidazole. The resin was
incubated overnight (more than 12 h) with 2 column volumes of wash
buffer containing 150 pM fucoxanthin. Then, the resin was washed
with 5 columnvolumes of wash buffer. The protein was eluted in buffer
containing 20 mM Tris-HCI pH 8.0, 500 mM NacCl, 0.03% DDM, 10%
glyceroland 300 mMimidazole. The eluate was dialysed against buffer
containing 20 mM Tris-HCI pH 8.0,150 mM NaCland 0.03% DDM. The
protein bound to fucoxanthin was concentrated to 50 mg ml™ usinga
centrifugal filter device (Amicon 10-kDa MW cut-off) and frozen until
crystallization.

X-ray crystallographic analysis of HeimdallR1

Since cryo-electron microscopy did not provide structural data, X-ray
crystallographicanalysis was performed. The protein bound to fucox-
anthinwasreconstituted into monoolein at aweight ratio of 1:1.5 (pro-
teintolipid). The protein-laden mesophase was dispensed into 96-well
glass platesin 30-nl drops and overlaid with 800 nl precipitant solution
usinga Gryphonrobot (ARI) as previously described®®. Crystals of Heim-
dallR1 were grown at 20 °C in precipitant conditions containing 30%
PEG300,100 mM sodium acetate pH 3.9 and 100 mM sodium nitrate.
The crystals were collected directly from the lipid cubic phase using
micromeshes (MiTeGen) and frozenin liquid nitrogen without adding
any extra cryoprotectant.

X-ray diffraction data were collected at the SPring-8 beamline
BL32XU with an EIGER X 9M detector (Dectris) using a wavelength of
1.0 A. Small-wedge (10° per crystal) datasets were collected using a
15 x 10 pm?*beam with the ZOO system®’, an automatic data-collection
system developed at SPring-8. The collected images were processed
using KAMO” with XDS"', and 132 datasets were indexed with consist-
ent unit cell parameters. After correlation coefficient-based cluster-
ing using normalized structure factors followed by merging using
XSCALE” with outlier rejections implemented in KAMO, 115 datasets
were selected for the downstream analyses, because they gave the
highest inner-shell and outer-shell half-dataset correlation coeffi-
cients (CC,;,). The HeimdallR1structure was determined by molecular
replacement with PHASER" using the model obtained with AlphaFold2
(ref.73).Subsequently, the model was rebuilt and refined using Coot™
and phenix.refine”. The final model of HeimdallR1 contained all the
residues (1-246), retinal, 3 monooleinmolecules, 2 nitrateions and 121
water molecules. The fucoxanthin molecule was not modelled due to
the absence of the corresponding density.
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The structure of ACB-G35 was predicted with AlphaFold 3 (ref. 50)
after removing the signal peptide. Retinal was used as a covalent
modification of the lysine in TM7.

QM/MM simulations of HeimdallR1 with lutein and
fucoxanthin

The structures of the carotenoids were docked by visual inspection
of HeimdallR1and by comparison to zeaxanthin-bound Kin4B8 (PDB:
8127)". The structures were further optimized using the hybrid QM/MM
method?. Retinal linked to K231 was considered in the QM region along
withlutein or fucoxanthin. Aregion of 5 A around the retinal protonated
Schiff base and the carotenoid was considered inthe active region dur-
ing optimization. The QM/MM boundary was placed between C6 and
Ceofthelysinesidechain. The QM part was described using Grimme’s
GFN2-xTB method’, whereas the remaining part of the protein within
the active region was treated using the AMBER ff14SB force field”” (MM
part). The water molecules were described using the TIP3P model’®.
To model non-bonded interactions, the force switching scheme was
implemented on the coulomb interaction with a cut-off of 12 A”. Opti-
mization was performed using the limited-memory Broyden-Fletcher-
Goldfarb-Shanno (L-BFGS) method using the ORCA 5.0 programme®’.
Excitation energies and natural transition orbitals were computed at
theRI-ADC(2)* level in combination with the cc-pVDZ** basis set using
the Turbomole programme package®.

Statistics and reproducibility

No sample-size calculations were performed. After initial optimiza-
tiontrials, the biophysical experiments (flash photolysis, pH titration,
FTIR) were generally performed once given the high reproducibility of
such experiments and their mutual support. Absorption spectra for
HeimdallR1 with different carotenoids were obtained several times
in three different laboratories under different conditions. The HPLC
experiment was performed on three technical replicates. Spectral
measurements of HeimdallR1 with carotenoids were performed in
three different laboratories in different settings, and no indication of
qualitative differencesin the behaviour of the protein were observed.
For the proton-pumping activity experiments, the spheroplast prepa-
rations were done in batches, hence batch was included asarandom
effectin the mixed models; data exclusion criteria are outlined in the
corresponding sectionin Methods. The investigators were not blinded
to allocation during experiments and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are available in the main text or the Supplementary Informa-
tion. Results of the bioinformatic analyses are deposited in figshare
at https://doi.org/10.6084/m9.figshare.26906593 (ref. 84). Atomic
coordinates of the crystal structure of HeimdallR1 have been deposited
inthe Protein DataBank under 9JTQ. Sequences of the codon-optimized
constructs used for expression of HeimdallR1, HeimdallR2, HeimdalIR3
and ACB-G35 have been deposited in GenBank under accession num-
bers PV059850, PV059851, PV059852 and PV059853, respectively.
Source data are provided with this paper.

Code availability
The code used for the bioinformatic analysesis available from Figshare
at https://doi.org/10.6084/m9.figshare.26906593 (ref. 84).
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Extended Data Fig. 1| Environmental marine xanthophylls bind to HeimdalIR1. HPLC profile of Mediterranean Sea chromophore extract (blue) and HeimdallR1
bound chromophores (red). Main peaks correspond to fucoxanthin (2), diatoxanthin (3), lutein (5), B-carotene (8), and uncharacterized (1,4,6,7,9). Chromophores
were registered at 450 nm.
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Extended DataFig. 2 | Spectroscopic characterization of Kin4BS8- (bottom) of Kin4B8-xanthorhodopsin upon incubation with (orange) or without
xanthorhodopsin and HeimdallR1-G141F with hydroxylated carotenoids. (purple) fucoxanthin. ¢, Absorbance change (up) and fluorescence excitation
a, Absorbance change (up) and fluorescence excitation spectra (bottom) of spectra (bottom) of HeimdallR1-G141F upon incubation with (orange) or without
Kin4B8-xanthorhodopsin uponincubation with (orange) or without (purple) (purple) lutein; emissions were recorded at 720 nm.
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Middle: genomic locations of genes involved in carotenoid biosynthesis -
phytoene synthase (crtB), phytoene desaturase (crt/) and two additional genes
of unknown function located in the same putative operon; a putative lycopene
elongase (lye/, prenyltransferase cl00337), carotenoid desaturase (crtD,
phytoene dehydrogenase-related protein COG1233), and a putative carotenoid
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Global distribution of “Ca. Kariarchaeum pelagium”
and patterns of variation across its genome. a, Distribution of “Ca. K. pelagium”
based on Logan contigs from marine metagenomes and metatranscriptomes
recruited to the “Ca. K. pelagium” core pan-genome. Abundances are expressed
as fractions of the pan-genome covered by the mapped contigs witha minimum
coverage of 0.5%. Locations of “Ca. K. pelagium” MAGs are indicated with

labels coloured according to the heimdallR allele type. Locations of the other
“Ca.Kariarchaeum” are indicated for reference: MAG FT_008 (sp016839545)

and scaffold Kari_Gs0128817 (sp. nov.). b, Per-nucleotide depth of coverage of

Logan metagenomic contigs along the core pan-genome of “Ca. K. pelagium”
(upper) and number of variable positions per nucleotide for genes across the
pan-genome. Only genes with ORF longer than 300 bp were analyzed. Asterisks
indicate outlier genes with values exceeding upper quartile + 1.5xinterquartile
range. ¢, Number of variable positions per nucleotide for sliding windows of
200 bp across the pan-genomic scaffold containing the heimdallR gene (scaffold
11). In panelsb and ¢, upper and lower quartiles (dashed lines) and median (solid
lines) are indicated.
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Extended Data Fig. 6 | Absorption spectra of purified HeimdallR1 with and
without lutein or fucoxanthin and pH dependence of the absorption. a, UV-vis
absorption spectra: HeimdallR1 alone (left, purple), HeimdallR1 complexed with
lutein (middle, yellow), and HeimdallR1 complexed with fucoxanthin (right, red).
To estimate the A° ., of the retinal in HeimdallIR1, the absorption spectra of pure
xanthophylls (blue) were subtracted from those of HeimdallR1 complexed with
each xanthophyll (green). Since the peak positions of pure xanthophylls slightly
differ from those complexed with HeimdallR1, the spectra of pure xanthophylls
were manually shifted so that the peak positions coincides between the spectra

< >
Acidic pH Alkaline pH

Physiological pH

> < >
Alkaline pH Acidic pH Physiological pH Alkaline pH

of pure xanthophylls and HeimdalR1-xanthophyll complexes. Pictures of purified
proteins are shown next to the corresponding results. b, Absorption spectra (top)
and the different absorption spectra (bottom), and ¢, pH titration curves for the
calculation of pK, were measured depending on acidic (left) and alkaline (right)
pH changes. The red-shifted (red arrow) and blue-shifted (blue arrow) absorption
spectraat each pH are indicated by arrows. The pH titration curves were analyzed
using the Henderson-Hasselbalch equation®. d, Color protein changes upon
acid-basic titration.
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Extended Data Fig. 7 | Influence of lutein or fucoxanthin on the retinal
photoisomerizationin HeimdallR1at 77 K. UV-visible (a,b) and FTIR (c-h)
spectraobtained for lipid-reconstituted HeimdallR1 with (red; H(F)) or without
(black; H(-)) fucoxanthin (top) and HeimdallR1 with (red; H(L)) or without

(black; H(-)) lutein (middle) are compared to those for lipid-reconstituted
Kin4B8-xanthorhodopsin with (green; K(L)) or without (black; K(-)) lutein
(bottom) previously published’. a, UV-visible absorption spectra of H(F) (red)

or H(-) (black) (top), H(L) (red) or H(-) (middle), and K(L) (green) or K(-) (black)
(bottom) at 77 K. One division of the y-axis corresponds to 1.0 absorbance units.
b, Difference UV-visible spectra upon illumination of H(F) (red) or H(-) (black)
(top), H(L) (red) or H(-) (black) (middle), and K(L) (green) or K(-) (black) (bottom)
at 77 K. Hydrated films of lipid-reconstituted protein were illuminated at 540 nm
light, which forms the red-shifted K intermediate. One division of the y-axis
corresponds to 0.08 absorbance units. ¢, Light-minus-dark difference FTIR
spectraupon illumination of H(F) (red) or H(-) (black) (top), H(L) (red) or H(-)
(black) (middle), and K(L) (green) or K(-) (black) (bottom) at 77 K. Hydrated films
of lipid-reconstituted protein with H,0 were first illuminated at 540 nm light
(solid lines), which forms the K intermediate, and the K intermediate was then
reverted by illuminationat >590 nm light (dotted lines). Spectral acquisition was
repeated to improve signal-to-noise ratio. Positive and negative signals originate
from the K intermediate and unphotolyzed state, respectively. One division of

Wavenumber (cm'1)

Wavenumber (cm'1) Wavenumber (cm'1)

the y-axis corresponds to 0.0032 absorbance units. d, Enlarged spectra of the

C =Cstretching frequency region of the retinal chromophore (1600-1450 cm™)
from (c). Negative peaks are different between H(F) (1534 cm™) and H(-)

(1532 cm™) (top) or between H(L) (1534 cm™) and H(-) (1532 cm™) (middle), but
not for K(L) and K(-). One division of the y-axis corresponds to 0.003 absorbance
units. e, Enlarged spectra of the C-C stretching frequency region of the retinal
chromophore (1250-1150 cm™) from (c). Spectra are identical with and without
xanthophylls. One division of the y-axis corresponds to 0.002 absorbance units.
f, Enlarged spectra of the hydrogen out-of-plane (HOOP) vibrational region of
the retinal chromophore (1020-945 cm™) from (c). Positive peaks are different
between H(F) (986 cm™) and H(-) (985 cm™) (top) or between H(L) (986 cm™) and
H(-) (985 cm™) (middle), but not for the 960-cm™band (bottom). One division of
the y-axis corresponds to 0.0015 absorbance units. g, Spectral comparison of the
HOOP bands between H,0 (red or green) and D,0O (blue) hydrations. Down-shifts
of the positive peaks at 986 cm™ (top, middle) and 960 cm™ (bottom) show that
these HOOP bands originate from the Schiff base region. One division of the
y-axis corresponds to 0.0015 absorbance units. h, Enlarged spectra of the amide-I
region of the peptide backbone (1680-1575 cm™) from (c). Spectra are identical
withand without xanthophylls. One division of the y-axis corresponds to 0.001
absorbance units.
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Extended Data Fig. 8 | Structural features of HeimdallR1. a, Size-exclusion
chromatography profile of the HeimdallR1 bound to fucoxanthin. The relative
absorbance at 280 nm, 460 nm and 550 nmis shown in the chromatogram
(left panel). The peak fraction (indicated by a black bar) was analyzed by
SDS-PAGE (right panel). b, HeimdallR1 crystals in lipidic mesophase. ¢, Crystal
packing of HeimdallR1. d, Key rhodopsin proton pump motifs in HeimdallR1.
Black dashed lines indicate hydrogen-bondinginteractions. Red spheres
indicate water molecules. e-g, Structural comparison of HeimdallR1 with

Kin4B8-xanthorhodopsin (PDB ID: 8127) and green proteorhodopsin (GPR;
PDBID: 7B03), from the membrane plane (e), the extracellular side (f) and the
intracellular side (g). Notably, ICL3 of HeimdallR1 forms amembrane-extending
o-helix. h, Interaction between ICL3 and TM6 in HeimdallR1. Black dashed lines
indicate hydrogen-bonding interactions. Red spheres indicate water molecules.
i, Sequence alignment of HeimdallRs around ICL3. The sequence alignment was
created using ClustalW® and ESPript 3.0% servers. Boxes indicate a-helices.
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Extended DataFig. 9 | Simulation features of HeimdallR1 bound to lutein and fucoxanthin. a, HeimdallR1. b, HeimdallR1 with lutein. ¢, HeimdallR1 with fucoxanthin.

d, Kin4B8-xanthorhodopsin with zeaxanthin. ATR — all-trans-retinal. Black dashed lines indicate hydrogen bonds.
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Extended Data Fig. 10 | Electronic transitions in HeimdallR1/xanthophyll (a) and fucoxanthin (b). The subscript denotes excitation in retinal (R), lutein
complexes. Energy level diagram along with the nature of the excited states (L), fucoxanthin (F) or transition from retinal to the respective xanthophyll. The
(LE:local excitation; CT: charge transfer), and natural transition orbitals transition orbitals are shown only for those with contribution greater than 5%
(isovalue = 0.01a.u.) displaying the dominant orbitals involved in the electronic towards the excited state (transition contribution between each pair of orbitals is

transitions of the first three excited states in HeimdallR1/xanthophyll with lutein marked in the figure).

Nature Microbiology


http://www.nature.com/naturemicrobiology

nature portfolio

Corresponding author(s): Andrey Rozenberg, Ariel Chazan, Oded Béja

Last updated by author(s): Apr2, 2025

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

=
Y]
=t
=
@
1®)
@)
=
o
=
®
o)
@)
=
=
(e}
wv
c
=
=
o
<

Statistics
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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Software and code

Policy information about availability of computer code

Data collection  pH values were collected with the software within the LAQUA F-72G pH/ION meter (HORIBA scientific, Japan). Resolutions Pro Software for
Data acquisition of FTIR spectral collection. JASCO spectral manager for data acquision of UV-vis spectral collection. Chromaster System
Manager software was used for the acquisition of HPLC data.

Data analysis Igor Pro 8.04 64-bit, XDS (version Mar 15 2019), XSCALE (version Mar 15 2019), PHENIX (version 1.19-4092), PHASER (version 2.8.3), WinCoot
(version 0.9.8.7), SuperPang (version 1.3.0), NCBI PGAP (version 2024-04-27.build7426), prodigal (version 2.6.3), phylophlan (version 3.02),
usearch (version 11.0.667), mafft (version 7.47535), trimal (version 1.4.1), RAXML (version 8.2.12), ProtTest3 (version 3.4.2), pplacer (version
1.1.alphal9), bowtie2 (version 2.3.5.1), spades (version 3.15.5), NCBI blast (version 2.15.0), SplitsTree version (version 4.17.0), mmseqs2
(version 14.7e284), CD-HIT (version 4.8.1), MEGA (version 10.2.5), HMMER (version 3.4), minimap2 (version 2.28), gatk4 (version 4.6.1.0).
Custom code is deposited under https://github.com/Bejalab/Kariarchaeaceae. Additional bioinformatic data have been deposited in FigShare
under https://doi.org/10.6084/m9.figshare.26906593.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data are available in the main text or the Supplementary Information. Results of the bioinformatic analyses are deposited in the Figshare repository https://
doi.org/10.6084/m9.figshare.26906593. Atomic coordinates of the crystal structure of HeimdallR1 have been deposited in the Protein Data Bank under 9JTQ.
Sequences of HeimdallR1, HeimdallR2, HeimdallR3 and ACB-G35 have been deposited in GenBank under accession #s PV059850, PV059851, PV059852 and
PV059853, respectively.
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Reporting on race, ethnicity, or N/A
other socially relevant
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Population characteristics N/A
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|Z Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf
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Sample size No sample-size calculations were performed. After initial optimiziation trials, the biophysical experiments (flash photolysis, pH titration, FTIR)
were generally performed once given high reproducibility of such experiments and their mutual support. Absorption spectra for HeimdallR1
with different carotenoids were obtained several times in three different laboratories under different conditions. The HPLC experiment was
performed on three technical replicates. For the proton pumping activity experiments which demonstrate high variablity at least four
independent spheroplast preparations were utilized for each protein assay with and without a carotenoid antenna.

Data exclusions  Spheroplast samples exhibiting low rhodopsin expression where proton pumping activity was near or below the detection threshold of the pH
meter used, were excluded from the analysis. A total of nine samples were excluded due to insufficient proton pumping activity.

Replication A total of 26 proton pumping ratios (protein with xanthophyll over protein without the xanthophyll) were used for the antenna-type analysis
and a total of 37 ratios were used for the light-intensity analysis. Spectral measurements of HeimdallR1 with carotenoids were performed in
three different laboratories in different settings and no indication of qualitative differences in the behavior of the protein were observed.

Randomization  Measurements of the proton pump were performed using the same E. coli C43(DE3) cells that were cloned and harboring the pET21a (+)
stock. Each cell was randomly selected from different colonies on an agar plate. Furthermore, the rhodopsin-expressing Spheroplast cells
(proteins with xanthophyll and proteins without xanthophyll) were measured in a randomly ordered manner during each experiment (with
different light intensities and types of carotenoids). In the light-intensity analysis, measurements were performed on different batches of the
spheroplasts and batch was included as a random effect in the design formula. This analysis also included measurements at 860 nm made
with lutein as part of the separate antenna-type experiment. These measurements were assigned to a separate set of batches accordingly.

Blinding For the light-dependent proton pumping experiments, no blinding was used since the experiments were performed by a single individual and
the data collected (pH values) is not subjected to investigator bias.
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