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Solar energy is the ultimate source of sustainable
energy. One-hour of the sunlight energy received by
the earth has more energy than the whole human
needs in a year. Microorganisms and plants use sun-
light as energy sources to fix CO, and drive biosynthe-
sis of biomass, which is the foundation of the biosphere
on the earth. Sunlight energy harvesting is the first cru-
cial step to use the solar energy. Chlorophyll-based
and rhodopsin-based light harvesting systems are two
distinct and absorbance complementary mechanisms
(Bryant & Frigaard, 2006; Finkel et al., 2013). Classic
chlorophyll-based systems in photosynthesis have
been well documented. The discovery of proteorhodop-
sin (PR) has changed the view of its role in natural eco-
system (Beja et al., 2000; Beja et al., 2001; Rozenberg
et al., 2021). PR is globally abundant and widely distrib-
uted in microbes (Beja et al., 2000; Beja et al., 2001;
Campbell et al., 2008; Finkel et al., 2013; Fuhrman
et al., 2008; Jing et al., 2018; Rusch et al., 2007;
Sabehi et al., 2005). A recent survey in the Mediterra-
nean Sea and the Eastern Atlantic Ocean suggested
that microbial rhodopsins-based systems could
contribute to the same amount of light energy harvest-
ing as chlorophyll-based systems (Gomez-Consarnau
et al., 2019). In comparison to chlorophyll-based photo-
synthesis that assembles a large and relative complex
network of light-harvesting, a rhodopsin-based func-
tional activity only involves one single gene encoded
membrane protein with retinal.

Rhodopsins are light-activated ion transporters,
including light-driven pumps and light-gated channels

(Ernst et al., 2014; Rozenberg et al., 2021). Among
them, proton-pumping PR has been well-studied and
documented. It can act as a light activated proton
pump, harvesting solar energy to pump out protons for
the generation of a proton motive force which supports
ATP synthesis (Steindler et al., 2011), biomass growth
(Gémez-Consarnau et al.,, 2007), substrate uptake
(Gémez-Consarnau et al., 2016), and bacterial survival
(Gémez-Consarnau et al., 2010). The simplicity of rho-
dopsin offers a new approach to genetically engineering
non-phototrophic cells for harvesting light energy. Engi-
neered Escherichia coli with rhodopsin was reported to
have a long-term viability (Song et al., 2019), enhanced
biomass growth (Kim et al., 2017) and accelerated tar-
get compound biosynthesis (Toya et al., 2022).

The conventional concept of rhodopsin phototrophy
is based on light-driven extra energy supply, such as
increasing ATP to promote microbial carbon fixation. It
has been reported that PR powered anaplerotic CO,
fixation could occur in Dokdonia sp. MED134
(Palovaara et al., 2014), and in marine bacteria
(Alonso-Séez et al., 2010; Beier et al., 2015; Jing
et al., 2022; Kirchman et al, 2007; Koedooder
et al., 2018; Moran & Miller, 2007; Pinhassi et al., 2016;
Smith et al., 2010). Despite microbial rhodopsins repre-
senting the most widespread phototrophic system at
the genetic level (Finkel et al., 2013), the relationship
between rhodopsin and microbial autotrophic carbon
fixation is still unclear. It is possible that the significance
of rhodopsin in global carbon cycling could be
underestimated.
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Both ATP and reducing equivalents (e.g., NADH or
NADPH) are required for cell growth. We reason that rho-
dopsin cannot drive the microbial autotrophic CO, fixa-
tion pathway on its own because the system lacks
electron donor. When an organic compound such as for-
mate was used as the electron donor, Gloeobacter
rhodopsin-expressing Ralstonia eutropha can increase
20% biomass growth in the light (Davison et al., 2022).
Formate is split into CO, and NADH when it gets into
Ralstonia eutropha. Extra ATP can be produced by the
light activated proton pump Gloeobacter rhodopsin.
Chlorophyll-based photoautotrophic systems obtain elec-
tron donors from light-driven water splitting, which can be
used to generate NADPH. Rhodopsin phototrophy,
unlike chlorophyll-based photosynthesis, is independent
of electron transfer and is not involved into any known
redox processes (Hassanzadeh et al., 2021). We
hypothesised that a closed redox loop can be con-
structed by integrating rhodopsin with an electron donor.
In such a rhodopsin-based autotrophic system, an elec-
tron donor could be an electrode powered by a solar
panel, and an electron shuttling molecule such as ribofla-
vin could transfer the electron from the electrode to
rhodopsin-expressing microbes (Davison et al., 2022). In
this designed system, a rhodopsin-based photoelectro-
synthetic system could drive autotrophic growth of bacte-
ria using CO, as the sole carbon source, and with light
as the only energy input (Figure 1). The proton motive
force generated from rhodopsin has been proven to
enable microbes to overcome thermodynamically unfa-
vourable processes to reduce NAD' and generate
NADH (Tefft & TerAvest, 2019). Then the light-activated
rhodopsins can drive the reversing function of NADH
dehydrogenase for the synthesis of NADH from qui-
nones. Rhodopsin is not only a “booster” but also “drive”
electron transfer. We therefore established a photoelec-
trochemical CO, fixation system with engineered
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Ralstonia eutropha, in which the heterogeneously
expressing Gloeobacter rhodopsin powered both ATP
and NADH formation to drive CO, fixation. The engi-
neered Ralstonia eutropha accepted electrons from an
electrode mediated by an electron shuttle (Davison
et al., 2022) (Figure 1). Such Ying (electrons) and Yang
(protons) interactions not only power ATP synthesis but
also form redox reactions to complete the cycle of
biosynthesis.

The rhodopsin-based CO, fixation system enabled
Ralstonia eutropha to perform autotrophic growth using
light as the only energy source and CO, as the sole
carbon source. Since microbial rhodopsin is simple and
able to be expressed in many different microbes,
such rhodopsin-based photoelectrosynthesis can be
extended to a broad range of microbes for CO, fixation,
which could open a new frontier in “rhodopsin-based
photosynthesis.” The light intensity on the solar panel
was only 2 ymolm2 s 2 to generate ~1.6-1.8 V to
drive autotrophic growth of R. eutropha-GR in the
photo-electrosynthetic system (Figure 1). Given that
the light toelectricity efficiency in solar panel is usu-
ally 20%, the overall solar energy to biomass in
photo-electrosynthetic system was about 4%, which
is comparable to conventional chlorophyll-based photo-
synthesis (Davison et al., 2022). The design of
rhodopsin-based photosynthesis can be further
improved by learning the lessons from chlorophyll-
based system (Ort et al., 2015), including light capture,
carbon capture and smart consortium.

Rhodopsins absorb wavelength around 530 nm
which is complementary to the chlorophyll system.
Directed evolution is able to extend the rhodopsin’s
light absorption. Gloeobacter violaceus rhodopsin
was reported to be evolved into 70 variants with
absorption maxima shifted by up to 80 nm (Engqvist
et al., 2015). With novel retinal analogues, rhodopsin
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FIGURE 1 Graphic shows the concept of rhodopsin-based photoelectrosynthesis, in which light-activated rhodopsin generates ATP and
supports microbes to reverse NADH dehydrogenase to synthesize NADH which is then further converted into NADPH by transhydrogenase.
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FIGURE 2 Graphic shows coculture of chlorophyll-containing microbes and rhodopsin-containing microbes to maximize solar energy

harvesting

was able to expand the absorbance band, tailing out to
near-infrared wavelengths (Ganapathy et al., 2017).
The quantum efficiency of rhodopsins can reach almost
70% (Govindjee et al., 1990; Yang et al., 2022). Many
microbes can take up both CO, and bicarbonate using
their various channels, the extra energy supplied by
light-activated rhodopsins may increase the flux of inor-
ganic carbon into cells, enhancing carbon capture
efficiency.

Another potential application of rhodopsin is to cre-
ate a consortium or coculture containing both
chlorophyll- and rhodopsin-based microbes. At least
10% of energy from photosynthetically active radiation
is lost in chlorophyll-based photosynthesis due to its
weak absorbance in the green band (Zhu et al., 2008).
The loss of light utilisation is a key factor for the low effi-
ciency of photosynthesis for CO, reduction. Notably,
chlorophyll’s absorption spectrum is complemented by
rhodopsin’s (Walter et al., 2010). Therefore, the consor-
tium or coculture is expected to improve the utilisation
of solar energy (Figure 2). The same goal can
be accomplished by cloning rhodopsin into chlorophyll-
containing bacteria using synthetic biology design.
To address the problem that two photosystems
compete for the same photon sources, rhodopsin has
been reported to replace photosystem | (PSI)

Synechocystis sp. PCC6803, increasing the growth
rate by 16% (Chen et al., 2019). The expanded light
absorbance of rhodopsin enables the design of syn-
thetic mixed consortium to achieve maximal light cap-
ture and CO,, fixation per unit of surface area (Figure 2).
Microbial rhodopsins are ubiquitous and multifunc-
tional in the biosphere (Rozenberg et al., 2021). The
roles of microbial rhodopsins in nature will be better
understood through further studies on molecular micro-
bial ecology and biochemistry (Chazan et al., 2022;
Pushkarev et al., 2018). The exploration of rhodopsins
is consistently updating our perspectives on their struc-
tures, functions and molecular mechanisms. The appli-
cations of rhodopsins can lead to new research of
photosynthesis via advanced design of synthetic biology
(Davison et al., 2022; Inoue et al., 2021), promoting for
faster and more efficient biosynthesis and CO, fixation.

AUTHOR CONTRIBUTIONS
WEH proposed the idea. WEH and WT write the
manuscript.

ACKNOWLEDGEMENTS

WEH thanks EPSRC (EP/M002403/1 and EP/NOO
9746/1) and BBSRC (BB/M000265/1) in the UK for
finance support.

85U80|7 SUOWWIOD dAeaID 8|qeo!|dde ayy Aq peusenob ae Ssplife YO ‘@SN JO S8 10 A%eiqi]8UIIUO A8]IAA UO (SUORIPUOD-pUe-SW.e} W0 A3 1M ARelq 1 Bul|UO//:SANY) SUORIPLOD pUe swie | 8y 88S *[€202/20/c0] uo ArlqiTauliuo AeIM ‘1881 Aq €291 '0262-29 T/TTTT 0T/I0p/W00 A3 1M AReiq 1 Ul |Uo S euIno - Jure//sdny woJy pepeojumoq ‘T ‘€202 ‘026229T



ENGINEERING RHODOPSIN-BASED PHOTOELECTROAUTOTROPHY

Applied
Microbiology 128

CONFLICT OF INTEREST
The authors declare no competing financial interest.

ORCID
Weiming Tu
Wei E. Huang

https://orcid.org/0000-0002-4256-5291
https://orcid.org/0000-0003-1302-6528

REFERENCES

Alonso-Séez, L., Galand, P.E., Casamayor, E.O., Pedrés-Alid, C. &
Bertilsson, S. (2010) High bicarbonate assimilation in the dark
by Arctic bacteria. The ISME Journal, 4, 1581-1590.

Beier, S., Galvez, M.J., Molina, V., Sarthou, G., Quéroué, F., Blain, S.
et al. (2015) The transcriptional regulation of the glyoxylate cycle
in SAR11 in response to iron fertilization in the Southern Ocean.
Environmental Microbiology Reports, 7, 427-434.

Beja, O., Aravind, L., Koonin, E.V., Suzuki, M.T., Hadd, A.,
Nguyen, L.P. et al. (2000) Bacterial rhodopsin: evidence for a
new type of phototrophy in the sea. Science, 289, 1902—1906.

Beja, O., Spudich, E.N., Spudich, J.L., Leclerc, M. & DelLong, E.F.
(2001) Proteorhodopsin phototrophy in the ocean. Nature, 411,
786-789.

Bryant, D.A. & Frigaard, N.-U. (2006) Prokaryotic photosynthesis and
phototrophy illuminated. Trends in Microbiology, 14, 488—496.

Campbell, B.J., Waidner, L.A., Cottrell, M.T. & Kirchman, D.L. (2008)
Abundant proteorhodopsin genes in the North Atlantic Ocean.
Environmental Microbiology, 10, 99-109.

Chazan, A., Rozenberg, A., Mannen, K., Nagata, T., Tahan, R,
Yaish, S. et al. (2022) Diverse heliorhodopsins detected via
functional metagenomics in freshwater Actinobacteria, Chloro-
flexi and Archaea. Environmental Microbiology, 24, 110-121.

Chen, Q., Arents, J., Schuurmans, J.M., Ganapathy, S., de Grip, W.
J., Cheregi, O. et al. (2019) Combining retinal-based and
chlorophyll-based (oxygenic) photosynthesis: proteorhodopsin
expression increases growth rate and fitness of a Delta PSI
strain of Synechocystis sp. PCC6803. Metabolic Engineering,
52, 68—76.

Davison, P.A., Tu, W., Xu, J., Valle, S.D., Thompson, I.P., Hunter, C.
N. et al. (2022) Engineering a rhodopsin-based photo-
electrosynthetic system in bacteria for CO, fixation. ACS Syn-
thetic Biology. [in press]. https://doi.org/10.1021/acssynbio.
2c00397

Engqvist, M.K.M., Mclsaac, R.S., Dollinger, P., Flytzanis, N.C.,
Abrams, M., Schor, S. et al. (2015) Directed evolution of gloeo-
bacter violaceus rhodopsin spectral properties. Journal of
Molecular Biology, 427, 205-220.

Ernst, O.P., Lodowski, D.T., Elstner, M., Hegemann, P., Brown, L.
S. & Kandori, H. (2014) Microbial and animal Rhodopsins: struc-
tures, functions, and molecular mechanisms. Chemical
Reviews, 114, 126—163.

Finkel, O.M., Beja, O. & Belkin, S. (2013) Global abundance of micro-
bial rhodopsins. The ISME Journal, 7, 448—451.

Fuhrman, J.A., Schwalbach, M.S. & Stingl, U. (2008) Opinion - Pro-
teorhodopsins: an array of physiological roles? Nature Reviews
Microbiology, 6, 488-494.

Ganapathy, S., Venselaar, H., Chen, Q., de Groot, H.J.M,
Hellingwerf, K.J. & de Grip, W.J. (2017) Retinal-based proton
pumping in the near infrared. Journal of the American Chemical
Society, 139, 2338-2344.

Gémez-Consarnau, L., Akram, N., Lindell, K., Pedersen, A.,
Neutze, R., Milton, D.L. et al. (2010) Proteorhodopsin phototro-
phy promotes survival of marine bacteria during starvation.
PLoS Biology, 8, e1000358.

Gomez-Consarnau, L., Gonzélez, J.M., Coll-Lladé, M., Gourdon, P.,
Pascher, T., Neutze, R. et al. (2007) Light stimulates growth of
proteorhodopsin-containing marine Flavobacteria. Nature, 445,
210-213.

International

Gomez-Consarnau, L., Gonzédlez, J.M., Riedel, T., Jaenicke, S.,
Wagner-Débler, |., Safiudo-Wilhelmy, S.A. et al. (2016) Proteor-
hodopsin light-enhanced growth linked to vitamin-B1 acquisition
in marine Flavobacteria. The ISME Journal, 10, 1102-1112.

Gomez-Consarnau, L., Raven, J.A., Levine, N.M., Cutter, L.S.,
Wang, D.L., Seegers, B. et al. (2019) Microbial rhodopsins are
major contributors to the solar energy captured in the sea. Sci-
ence Advances, 5, eaaw8855.

Govindjee, R., Balashov, S.P. & Ebrey, T.G. (1990) Quantum effi-
ciency of the photochemical cycle of bacteriorhodopsin. Bio-
physical Journal, 58, 597-608.

Hassanzadeh, B., Thomson, B., Deans, F., Wenley, J., Lockwood, S.,
Currie, K. et al. (2021) Microbial rhodopsins are increasingly
favoured over chlorophyll in high nutrient low chlorophyll waters.
Environmental Microbiology Reports, 13, 401-406.

Inoue, K., Karasuyama, M., Nakamura, R., Konno, M., Yamada, D.,
Mannen, K. et al. (2021) Exploration of natural red-shifted rho-
dopsins using a machine learning-based Bayesian experimental
design. Communications Biology, 4, 362.

Jing, X., Gong, Y., Xu, T., Davison, P.A., MacGregor-Chatwin, C.,
Hunter, C.N. et al. (2022) Revealing CO,-fixing SAR11 bacteria
in the ocean by Raman-based single-cell metabolic profiling and
genomics. BioDesign Research. [in press].

Jing, X., Gou, H., Gong, Y., Su, X,, Xu, L., Ji, Y. et al. (2018) Raman-
activated cell sorting and metagenomic sequencing revealing
carbon-fixing bacteria in the ocean. Environmental Microbiology,
20, 2241-2255.

Kim, H.A., Kim, H.J., Park, J., Choi, A.R., Heo, K., Jeong, H. et al.
(2017) An evolutionary optimization of a rhodopsin-based photo-
trophic metabolism in Escherichia coli. Microbial Cell Factories,
16, 111.

Kirchman, D.L., Elifantz, H., Dittel, A.l, Malmstrom, R.R. &
Cottrell, M.T. (2007) Standing stocks and activity of archaea and
bacteria in the western Arctic Ocean. Limnology and Oceanog-
raphy, 52, 495-507.

Koedooder, C., Guéneugues, A., Van Geersdaéle, R., Vergé, V.,
Bouget, F.-Y., Labreuche, Y. et al. (2018) The role of the glyoxy-
late shunt in the acclimation to iron limitation in marine heterotro-
phic bacteria. Frontiers in Marine Science, 5, 435.

Moran, M.A. & Miller, W.L. (2007) Resourceful heterotrophs make the
most of light in the coastal ocean. Nature Reviews Microbiology,
5, 792-800.

Ort, D.R., Merchant, S.S., Alric, J., Barkan, A., Blankenship, R.E.,
Bock, R. et al. (2015) Redesigning photosynthesis to sustainably
meet global food and bioenergy demand. Proceedings of the
National Academy of Sciences of the United States of America,
112, 8529-8536.

Palovaara, J., Akram, N., Baltar, F., Bunse, C., Forsberg, J., Pedrés-
Alié, C. et al. (2014) Stimulation of growth by proteorhodopsin
phototrophy involves regulation of central metabolic pathways
in marine planktonic bacteria. Proceedings of the National
Academy of Sciences, 111(35). https://doi.org/10.1073/pnas.
1402617111

Pinhassi, J., DelLong, E.F., Béja, O., Gonzalez, J.M. & Pedrés-
Alié, C. (2016) Marine bacterial and archaeal ion-pumping Rho-
dopsins: genetic diversity, physiology, and ecology. Microbiol-
ogy and Molecular Biology Reviews, 80, 929-954.

Pushkarev, A., Inoue, K., Larom, S., Flores-Uribe, J., Singh, M.,
Konno, M. et al. (2018) A distinct abundant group of microbial
rhodopsins discovered using functional metagenomics. Nature,
558, 595.

Rozenberg, A., Inoue, K., Kandori, H. & Beja, O. (2021) Microbial
Rhodopsins: the last two decades. Annual Review of Microbiol-
ogy, 75, 427-447.

Rusch, D.B., Halpern, A.L., Sutton, G., Heidelberg, K.B.,
Williamson, S., Yooseph, S. et al. (2007) The sorcerer |l global
ocean sampling expedition: Northwest Atlantic through eastern
tropical Pacific. PLoS Biology, 5, 398—431.

85U80|7 SUOWWIOD dAeaID 8|qeo!|dde ayy Aq peusenob ae Ssplife YO ‘@SN JO S8 10 A%eiqi]8UIIUO A8]IAA UO (SUORIPUOD-pUe-SW.e} W0 A3 1M ARelq 1 Bul|UO//:SANY) SUORIPLOD pUe swie | 8y 88S *[€202/20/c0] uo ArlqiTauliuo AeIM ‘1881 Aq €291 '0262-29 T/TTTT 0T/I0p/W00 A3 1M AReiq 1 Ul |Uo S euIno - Jure//sdny woJy pepeojumoq ‘T ‘€202 ‘026229T


https://orcid.org/0000-0002-4256-5291
https://orcid.org/0000-0002-4256-5291
https://orcid.org/0000-0003-1302-6528
https://orcid.org/0000-0003-1302-6528
https://doi.org/10.1021/acssynbio.2c00397
https://doi.org/10.1021/acssynbio.2c00397
https://doi.org/10.1073/pnas.1402617111
https://doi.org/10.1073/pnas.1402617111

Applied
130 Microbiology

TU ano HUANG

International

Sabehi, G., Loy, A., Jung, KH., Partha, R., Spudich, J.L,
Isaacson, T. et al. (2005) New insights into metabolic properties
of marine bacteria encoding proteorhodopsins. PLoS Biology, 3,
1409-1417.

Smith, D.P., Kitner, J.B., Norbeck, A.D., Clauss, T.R., Lipton, M.S.,
Schwalbach, M.S. et al. (2010) Transcriptional and translational
regulatory responses to iron limitation in the globally distributed
marine bacterium Candidatus pelagibacter ubique. PLoS One,
5,e10487.

Song, Y., Cartron, M.L., Jackson, P.J., Davison, P.A., Dickman, M.J.,
Zhu, D. et al. (2019) Proteorhodopsin overproduction enhances
the long-term viability of Escherichia coli. Applied and Environ-
mental Microbiology, 86, €02087-e02019.

Steindler, L., Schwalbach, M.S., Smith, D.P., Chan, F. &
Giovannoni, S.J. (2011) Energy starved Candidatus pelagibacter
ubique substitutes light-mediated ATP production for endoge-
nous carbon respiration. PLoS One, 6, e19725.

Tefft, N.M. & TerAvest, M.A. (2019) Reversing an extracellular elec-
tron transfer pathway for electrode-driven acetoin reduction.
ACS Synthetic Biology, 8, 1590-1600.

Toya, Y., Hirono-Hara, Y., Hirayama, H., Kamata, K., Tanaka, R.,
Sano, M. et al. (2022) Optogenetic reprogramming of carbon

metabolism using light-powering microbial proton pump sys-
tems. Metabolic Engineering, 72, 227—236.

Walter, J.M., Greenfield, D. & Liphardt, J. (2010) Potential of light-
harvesting proton pumps for bioenergy applications. Current
Opinion in Biotechnology, 21, 265-270.

Yang, X.C., Manathunga, M., Gozem, S., Leonard, J.,
Andruniow, T. & Olivucci, M. (2022) Quantum-classical simula-
tions of rhodopsin reveal excited-state population splitting and
its effects on quantum efficiency. Nature Chemistry, 14, 441.

Zhu, X.-G., Long, S.P. & Ort, D.R. (2008) What is the maximum effi-
ciency with which photosynthesis can convert solar energy into
biomass? Current Opinion in Biotechnology, 19, 153—159.

How to cite this article: Tu, W. & Huang, W.E.
(2023) Rhodopsin driven microbial CO, fixation
using synthetic biology design. Environmental
Microbiology, 25(1), 126—130. Available from:
https://doi.org/10.1111/1462-2920.16243

85U80|7 SUOWWIOD dAeaID 8|qeo!|dde ayy Aq peusenob ae Ssplife YO ‘@SN JO S8 10 A%eiqi]8UIIUO A8]IAA UO (SUORIPUOD-pUe-SW.e} W0 A3 1M ARelq 1 Bul|UO//:SANY) SUORIPLOD pUe swie | 8y 88S *[€202/20/c0] uo ArlqiTauliuo AeIM ‘1881 Aq €291 '0262-29 T/TTTT 0T/I0p/W00 A3 1M AReiq 1 Ul |Uo S euIno - Jure//sdny woJy pepeojumoq ‘T ‘€202 ‘026229T


https://doi.org/10.1111/1462-2920.16243

	Rhodopsin driven microbial CO2 fixation using synthetic biology design
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	REFERENCES


