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Abstract

Rhodopsins, a diverse class of light-sensitive proteins found in various life
domains, have attracted considerable interest for their potential applications
in sustainable synthetic biology. These proteins exhibit remarkable photo-
chemical properties, undergoing conformational changes upon light absorp-
tion that drive a variety of biological processes. Exploiting rhodopsin's natural
properties could pave the way for creating sustainable and energy-efficient
technologies. Rhodopsin-based light-harvesting systems offer innovative so-
lutions to a few key challenges in sustainable engineering, from bioproduc-
tion to renewable energy conversion. In this opinion article, we explore the
recent advancements and future possibilities of employing rhodopsins for
sustainable engineering, underscoring the transformative potential of these

biomolecules.

INTRODUCTION OF RHODOPSINS

Rhodopsins are a fundamental group of photosensi-
tive transmembrane holoproteins (Boeuf et al., 2015)
that are prevalent across the domains of Archaea,
Bacteria and Eukarya (Chazan et al., 2023; Claassens
et al., 2013; Ernst et al., 2014; Govorunova et al., 2017;
Inoue et al.,, 2021; Kojima et al., 2020; Rozenberg
et al., 2021). Despite their conserved structural motif
of seven transmembrane alpha helices attached to a
retinal chromophore, they have significant structural
diversity (Boeuf et al., 2015; Claassens et al., 2013;
Inoue et al.,, 2021; Kojima et al., 2020; Rozenberg
et al., 2021). These proteins play a crucial role in life's
processes, facilitating low-light vision in Eukaryotes
(Hofmann & Lamb, 2023), and are key in capturing sun-
lightin the oceans (Gémez-Consarnau et al., 2019; Jing
et al., 2022). Rhodopsins transform solar energy into an
electrochemical gradient by pumping ions across the
cell membrane. The inherently simple mechanism of
these rhodopsins has opened avenues for the develop-
ment of synthetic pathways for light utilisation in various

bacteria (Chazan et al., 2023; Davison et al., 2022;
Tu et al., 2023). The process of photonic energy har-
vesting can be considered as a particular type of
photoexcitation. Specifically, in proton-pumping rho-
dopsins, photon absorption induces an isomerisation
of the retinal chromophore, and then, this triggers a
sequence of conformational changes in the protein-
chromophore complex. This alters its acid dissociation
constant, thereby driving H* ion transport across the
phospholipid bilayer (Ernst et al., 2014). Figure 1 de-
picts the fundamental photocycle of a typical rhodopsin
through an energy diagram, highlighting the process of
single-photon excitation. Initially, the complex resides
in the ‘rest’ state, indicated as ‘Rho’. Photon excitation
causes the retinal chromophore to change chirality, ex-
citing the protein complex to the Franck—Condon point
(FC), associated with the lowest unoccupied molecular
orbital (LUMO) (Feldman et al., 2016; Mak-Jurkauskas
et al., 2008). Subsequently, the system may either
return to the rest state, a process involving the high-
est occupied molecular orbital (trivial mode), or con-
tinue through the photocycle (Feldman et al., 2016,
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FIGURE 1 Photocycle of rhodopsin.
(A) A typical photocycle of microbial
rhodopsins; (B) Free energy plot of
bacteriorhodopsin photocycle. The
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FIGURE 2

Mak-Jurkauskas et al., 2008). By harnessing the en-
ergy produced through this photocycle, rhodopsins
offer a broad range of applications (Figure 2), paving
the way for more efficient, biologically derived sustain-
able solutions across diverse fields.

RHODOPSIN-DRIVEN
BIOPRODUCTION

The outward proton-pumping rhodopsin, which
converts solar energy into a proton motive force,
shows promise to empower bioproduction (Chazan
et al.,, 2023; Davison et al.,, 2022; Tu et al., 2023,
2024) (Figure 2). The proton motive force is linked

Light off

Rhodopsin-based biocomputing

Mechanisms and potential applications of proton-pumping microbial rhodopsins.

to cellular energy processes, and previous research
has revealed that environmental bacteria with rho-
dopsin showed boosted biomass growth in light
(Palovaara et al., 2014). This observation prompts
the further exploration of rhodopsin as an innovative
strategy to supply additional energy for enhancing
bioproduction, as the proton motive force generated
by rhodopsin can drive ATP synthesis through ATP
synthase (Davison et al., 2022; Steindler et al., 2011;
Tu et al., 2023). ATP is the universal currency for or-
ganisms, which fuels various energy metabolisms
through hydrolysis. Model bacterial platforms for
synthetic biology, such as Escherichia coli, Ralstonia
eutropha and Shewanella oneidensis, have been
engineered with rhodopsin to improve biosynthesis
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(Davison et al.,, 2022; Johnson et al.,, 2010; Toya
et al.,, 2022; Tu et al., 2024). Another important ap-
plication of rhodopsin-driven proton motive force is
to reverse the function of NADH dehydrogenase, a
proton-dependent membrane protein. In the respira-
tion process, NADH dehydrogenase delivers elec-
trons from NADH to the quinol pool and then to the
electron acceptor, accompanied by outward proton
pumping. A high proton gradient is favourable to drive
reverse electron transfer in which NAD" is converted
to NADH while pumping protons inwardly (Wright
et al., 2022). This reversal mechanism, commonly
found in anoxygenic photosynthetic bacteria, proves
vital for generating reducing power (i.e. NAD(P)H) for
CO, fixation (Spero et al., 2015). This inspired the de-
sign of an artificial photosynthetic electron transport
chain using synthetic biology to engineer non-native
bacteria with rhodopsin (Davison et al., 2022, Tu
et al., 2023). The proton gradient from rhodopsin can
drive electron transfer in reverse, enabling bacteria to
obtain electrons from the extracellular electron donor
(e.g. electrode or minerals) via an electron transfer
chain instead of relying on intracellular enzymes. This
is pivotal for the development of artificial photosyn-
thesis using inorganics or solid-state materials (e.g.
electrodes) as the electron donor.

RHODOPSIN-DRIVEN
CONVERSION OF SOLAR ENERGY
TO ELECTRICITY

Rhodopsins, as some of the simplest light-harnessing
proteins, are able to convert light energy into elec-
trochemical energy that can result in a detectable
photocurrent when in the presence of electrodes
(Figure 2). Owing to their photoelectrochemical prop-
erties, rhodopsins emerge as a compelling solution
for incorporation into bioelectronic and optoelec-
tronic systems, particularly in the field of photovolta-
ics (Kojima et al., 2020). Their inherent simplicity and
robust stability render them highly suitable for such
applications, capable of enduring prolonged expo-
sure to intense radiation in oxygen-rich environments
over extended periods. Notably, rhodopsins retain
their functionality even under extreme conditions,
exhibiting remarkable efficiency at temperatures ex-
ceeding 140°C in dry form and 80°C in aqueous en-
vironments across a wide pH range from 0 to 12.2
(Chellamuthu et al., 2016). The feasibility of employ-
ing rhodopsins in photovoltaic systems has been ex-
tensively demonstrated (Espinoza-Araya et al., 2023;
Kanekar et al., 2020; Krivenkov et al., 2019). These
devices can be classified into two primary catego-
ries: bio-sensitised solar cells (BSSCs) and Bio-
enhanced photovoltaics (BEPVs). While both systems
involve the immobilisation of isolated rhodopsins onto
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electrodes, they diverge architecturally and mecha-
nistically. BSSCs rely on rhodopsin as the primary
photosensitiser, exploiting the energy generated by
electron excitation from the highest occupied molecu-
lar orbital (HOMO) to the lowest unoccupied molecu-
lar orbital (LUMO), followed by electron injection into
the substrate's conduction band. Despite the poten-
tial of such systems, BSSCs typically exhibit modest
power conversion efficiencies (PCE) in the range of
0.1% to 0.2%, primarily due to poor band alignment
between different stages, reliance on redox mecha-
nisms and narrow absorbance bands (Chellamuthu
et al.,, 2016; Espinoza-Araya et al., 2023; Kanekar
et al., 2020). To address these limitations, BEPVs
emerge as an attractive alternative. These hybrid
systems leverage Forster resonance energy transfer
(FRET) mechanisms, wherein an initial photosen-
sitiser enhances light energy transfer to rhodopsin,
minimising losses due to backward fluorescence,
photoluminescence and charge carrier recombina-
tion, thereby achieving higher conversion efficien-
cies (Das et al., 2019; Krivenkov et al., 2019). Within
the BEPV class, two prominent subclasses stand
out: perovskite-based systems (Das et al., 2019)
and quantum dot (QD)-based systems (Krivenkov
et al.,, 2019). Perovskite-based BEPVs have dem-
onstrated remarkable efficiencies, reaching up to
17.02% relative to rhodopsin-free systems with ef-
ficiencies of around 14.59% (Das et al., 2019). This
enhancement relies on efficient charge transfer be-
tween the substrate and rhodopsin, alongside opti-
mised optical gaps facilitating effective FRET. Future
advancements in BEPV systems hinge on optimising
substrate-rhodopsin binding and fine-tuning rhodop-
sin optical properties to further enhance efficiency,
yet even without such optimisation, rhodopsins pre-
sent themselves as a viable method by which we can
enhance the conversion of sunlight to electricity in
a sustainable way by reducing the use of rare earth
elements.

RHODOPSIN-BASED BIOSENSING

The photoelectronic properties of rhodopsin make
it a promising candidate for the development of a
light-dependent biosensor, particularly designed for
the rhodopsin-based pH biometer (Lv et al., 2019;
Rao et al.,, 2013) (Figure 2). The purified proton-
pumping rhodopsin can be coated on the electrode
to construct a photoelectrode for the determina-
tion of pH. The mechanism of pH sensing involves
the rhodopsin-based electrode rapidly generating a
transient positive photovoltage under illumination,
followed by a reverse negative photovoltage when the
light is switched off (Li et al., 2024; Lv et al., 2019).
The photoelectric signal of rhodopsin correlates with
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pH values, manifesting as variations in photovoltage
corresponding to changes in pH. The magnitudes of
positive (Vp) and negative (V,) voltage exhibit a re-
markable linear relationship with pH, enabling the
estimation of pH values based on the ratio of these
photovoltages (Li et al., 2024, Lv et al., 2019). The
versatility of rhodopsin extends its applications in
different contexts. The biocompatibility of rhodop-
sin enables its use as a wearable pH monitor, which
has been proven effective in detecting pH changes
associated with wound infection in a rat model (Li
et al., 2024). Another example is that the heterologous
expression of rhodopsin in bacteria allows for in vivo
pH detection, such as in vivo proton motive force de-
tection in bacteria (Zajdel et al., 2014). In the future,
similar applications could be extended to other ion
detection by using rhodopsins as specific ion pumps,
such as sodium pumps and chloride pumps (Inoue
et al., 2015). The broad potential of rhodopsin offers a
new approach for innovative biosensing applications
in diverse fields.

RHODOPSINS FOR BIOCOMPUTING
AND DATA STORAGE

The ability of rhodopsins to potentially revolutionise
the field of computing has been discussed for more
than three decades (Conrad, 1993). Rhodopsins stand
at this burgeoning frontier in biocomputing and data
storage, owing to their ability to stably undergo con-
formational changes upon illumination (Hampp, 2000)
(Figure 2). This light-activated control of cellular prop-
erties helps lay the foundation for advanced biocom-
puting architectures (Conrad, 1993; Kojima et al., 2020;
Stuart et al., 2003). Moreover, the inherent photochemi-
cal properties of rhodopsins hold promise for revolu-
tionising data storage paradigms, where their capacity
to encode information through light-induced structural
modifications offers a pathway to high-density and
energy-efficient storage solutions (Birge et al., 1989;
Hampp, 2000; Stuart et al., 2003). While the utilisation
of rhodopsins in biocomputing and data storage is in its
infancy, recent proof-of-concept studies have demon-
strated the feasibility of integrating these proteins into
functional systems (Li et al., 2018). However, significant
challenges remain, necessitating further research ef-
forts to enhance the speed, precision and scalability
of rhodopsin-based technologies. Future endeavours
should focus on optimising rhodopsin variants tailored
to specific computational and storage tasks, refining the
integration of rhodopsins with existing technologies and
deepening our understanding of the underlying photo-
chemical mechanisms. Addressing concerns related to
long-term stability, reliability and compatibility with bio-
logical systems will be crucial for unlocking the full po-
tential of rhodopsins in biocomputing and data storage

applications. Through interdisciplinary collaborations
and dedicated research endeavours, rhodopsins have
the potential to usher in a new era of biomolecular com-
puting and information storage, poised to transform the
landscape of technology in the digital age.

ARTIFICIAL INTELLIGENCE-AIDED
DESIGN FOR
POWERFUL RHODOPSINS

Rhodopsin's applications largely depend on its finely
tuned spectral and chemical properties. The introduc-
tion of artificial intelligence (Al) into protein engineer-
ing (Jumper et al., 2021; Senior et al., 2020; Varadi
et al.,, 2022) has significantly transformed how rho-
dopsins are designed and optimised (Inoue et al., 2021;
Karasuyama et al., 2018) (Figure 2). Through the use
of machine learning (ML) and deep learning (DL) al-
gorithms, researchers can now quickly parse through
vast datasets to identify patterns and predict the pho-
tophysical properties of rhodopsin variants. This mod-
ern approach far exceeds traditional methods, such as
directed evolution in efficiency, enabling the strategic
design of proteins with precise characteristics, such
as specific absorption wavelengths, improved stabil-
ity or heightened efficiency in light energy conversion
(Boeuf et al., 2015). Al has been applied to explore the
extensive sequence space of rhodopsins, revealing
new functionalities by predicting the effects of mutation
combinations or the integration of different protein seg-
ments (Bedbrook et al., 2017, 2019).

Deep learning, a sophisticated branch of ML, plays
a crucial role in determining the three-dimensional
structures of proteins from their amino acid sequences.
Breakthroughs like AlphaFold (Jumper et al., 2021)
have dramatically advanced structural biology, offering
precise models that shed light on how mutations can
modify a protein's function. Recently, deep learning has
been exploited to predict protein binding to a range of
substrates, including the de novo design of chromo-
phores, such as bilin (Krishna et al., 2024). Thus, DL
algorithms can also be used to develop rhodopsins
that are not only more effective in their traditional roles
but also adaptable to specific operational conditions
or wavelengths. This adaptability widens their applica-
bility in areas, such as photovoltaic systems and ion
pumping.

Nevertheless, incorporating Al into rhodopsin de-
sign presents several challenges. The effectiveness of
Al predictions depends greatly on the quality and diver-
sity of the training data, which may be limited or biased
for certain rhodopsin variants. The opaque nature of
some Al models also raises concerns about interpret-
ability, making it difficult to grasp the molecular basis
of predicted outcomes. Additionally, data-driven ap-
proaches sometimes generate ‘hallucinating’ solutions,
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with a significant proportion of novel sequences prov-
ing non-functional (Bedbrook et al., 2019). Addressing
these issues requires a collective effort to collect high-
quality, comprehensive datasets and to enhance the
clarity, interpretability and robustness of Al algorithms.

SUMMARY

Rhodopsin has a wide range of uses as an impor-
tant element of sustainable synthetic biology, with
potential applications across diverse fields, such as
bioproduction, solar energy conversion, biosensing,
biocomputing and data storage. Furthermore, the ap-
plication of artificial intelligence to rhodopsin design
has opened new frontiers for optimising these pro-
teins for specific applications. Continued interdisci-
plinary research and the integration of biotechnology
with computational science are crucial to fully unlock
the potential of such simple and effective rhodopsin-
based light-harvesting systems. As our understand-
ing of these proteins deepens, the exploration of
rhodopsin-based applications could significantly im-
pact global challenges related to energy, environment
and health, marking an important stride towards a
more sustainable future.
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