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Simple Summary: Bacteriorhodopsin (BR) is a light-sensitive protein found in various organisms that converts
light into chemical energy. This study focuses on Halorubrum sp. Ejinoor Archaerhodopsin (HeAR), a protein
similar to BR discovered in a Chinese salt lake. We expressed HeAR in E. coli and analyzed its properties using
various techniques. Our findings show that HeAR is purple and adapts to light and dark conditions, with slight
differences in its light absorption properties compared to BR. HeAR forms trimers and functions as a proton pump,
with a photochemical reaction cycle lasting 100 ms. While HeAR shares similarities with BR in its reaction
intermediates, it exhibits some unique characteristics in the timing and order of these intermediates. These properties

suggest that HeAR could be a valuable tool in optogenetics, a field that uses light to control cellular activities.

Abstract: Bacteriorhodopsin (BR) is a photosensitive membrane protein commonly found in Archaea, bacteria,
and eukaryotes. Its biological function involves transferring protons from the cytoplasmic side to the
extracellular side, converting light energy into chemical energy through ATP synthesis. Because of its simple
structure and stable function, it has been widely studied in the field of optogenetics. The Halorubrum sp. Ejinoor
Archaerhodopsin  (HeAR) was discovered in a salt lake in Inner Mongolia, China, and shares 57% homology
with BR. In this study, HeAR was expressed in E. Coli BL21(DE). Biological function of HeAR was analyzed by
SDS-PAGE, UV-VIS absorption spectrum, CD spectrum, laser flash photolysis and proton pump activity
detection. The results indicated that HeAR was purple and demonstrated light-dark adaptation. The maximum
absorbance wavelengths for dark-adapted HeARP and light-adapted HeAR" were 550 nm and 560 nm,
respectively. The ratio of All-trans and 13-cis chromophore was 2:1 in HeARP and 6:1 in HeAR". The CD spectrum
showed that HeAR also has trimer structure. HeAR was also a proton pump and the photochemical reaction
cycle was 100 ms. Although there were L, M, N and O intermediates similar to BR in HeAR. However, the
generation and disappearance time of M state is earlier than that of BR and the M state disappears before the O
state. It is likely that other intermediates exist, resulting in a slow cycle. HeAR, as a photosensitive tool, may

have promising applications in the field of optogenetics.

Keywords: Halorubrum sp. Ejinoor Archaerhodopsin; light dark adaptation; photochemical reaction
cycle; proton pump

1. Introduction

Bacteriorhodopsin (BR) is a light-sensitive membrane protein sourced from the highly salt-
loving bacterium Halobacterium salinarum (Hs)[1].BR is made up of seven transmembrane a-helices
connected by loops on both the inside and outside of the cell. The chromophore retinal is covalently
attached to the amino acid K216 on the seventh a-helix, forming a Schiff base, and has a molecular
weight of 26 kDa[2,3]. BR acts as a light-driven proton pump, synthesizing ATP from a proton
gradient to support the growth and development of the bacterium[4]. The abundant expression of BR
in Hs gives the bacterium its purple color, which is why BR is often referred to as the purple
membrane[1]. BR in the Hs membrane binds with phospholipids to form a unique trimeric structure,
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which can be purified using the sucrose gradient method[5]. The purple membrane has a broad
absorption spectrum in the visible region, and upon absorption of a photon, retinal undergoes
isomerization, resulting in the formation of several intermediate states K, L, M, N, O before returning
to the ground state to complete the photochemical reaction cycle[6]. BR can absorb photons and
convert energy, playing a crucial role in the survival and adaptation of the bacterium. Due to its
simple structure, functional diversity, and wide range of applications, BR has attracted significant
attention. Research indicates that BR has promising applications in biophysical technologies[7,8], the
photocatalytic breakdown of organic pollutants, and serves as an essential tool in optogenetics for
processing light signals[9-11] .

Optogenetics is a research method in cellular biology that merges optics with genetics[12].
Researchers use genetic engineering to introduce light-sensitive proteins into cells, allowing them to
activate or inhibit specific cells with light to better understand their functions. Genes that encode
light-sensitive proteins are usually transferred to target cells using methods like transfection, viral
transduction, or by creating transgenic animals, which help regulate light signals and observe cellular
behaviors and functions[13]. Due to its many advantages such as non-invasive, high spatial and
temporal resolution, quantitative repeatability, and simplicity of use, optogenetics has gained
widespread attention in neuroscience, molecular biology, and medicine[14-16]. Commonly used
light-sensitive proteins in optogenetics research include Channelrhodopsin-2 (ChR2) from the green
alga Chlamydomonas Reinhardtii and halorhodopsin (NpHR) from the halophilic archaeon
Natronomonas Pharaonis[17,18]. ChR2 has an absorption wavelength range of 350-550 nm with a
peak absorption wavelength of 470 nm, while NpHR has an absorption wavelength range of 525-620
nm with a peak absorption wavelength of 578 nm, indicating different sensitivities to light of different
wavelengths between the two proteins. Light at 470 nm and 578 nm does not penetrate tissues well,
making it challenging to directly activate light-sensitive proteins in deeper cells. To address this
problem, researchers discovered a light-sensitive protein from the primitive green alga Mesostigma
viride, which has a maximum absorption wavelength of 530 nm[19]. Additionally, genetic
modifications have been made to VChR1 (Channelrhodopsin from Volvox carteri) to produce a light-
sensitive protein with an absorption wavelength in the range of 590-630 nm[20]. Apart from ChR2
and NpHR, the most commonly used BR class protein, Archaerhodopsin-T, which can be activated
by red light, pumps protons from the inside to the outside of cells, hyperpolarizes the cell membrane,
and inhibits cell excitability[20]. Due to the unique biological functions of bacterial rhodopsin
proteins, they play an important role in the field of optogenetics. However, as important tools in
optogenetics, the search for light-sensitive proteins that meet the requirements and are highly
efficient is crucial[21,22].

This study focuses on the Halorubrum sp. Ejinoor sensory rhodopsin protein (HeAR). HeAR was
discovered in halophilic bacteria from a salt lake in Inner Mongolia. It has 57% homology to
bacteriorhodopsin (BR), features seven transmembrane a-helical regions, and contains highly
conserved amino acids associated with proton pumping (Figure 1). HeAR was expressed in the E. coli
BL21 (DE) expression system prior to the analysis of its biological functions. The biological functions
of HeAR were analyzed using SDS-PAGE, UV-visible absorption spectroscopy, CD spectroscopy,
laser flash photolysis, and proton pump activity assays.
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Figure 1. Comparative amino acid sequence Alignment between Bacteriorhodopsin and HeAR. Proton transport

amino acids with numbering and helical segment (uplined) for Bacteriorhodopsin.
2. Materials and Methods

2.1. Expression and Purification of Bacteriorhodopsin Proteins

The nucleic acid genome was extracted from Halorubrum sp. ejinoor. PCR amplification was then
performed using HeAR-specific primers. The PCR product was separated by agarose gel
electrophoresis and cloned into the pT7blue plasmid. The obtained DNA sequence was analyzed
using an ABI3130/3130x1 genetic analyzer[23]. The HeAR gene was digested with Ndel/Xhol enzymes
and inserted into the pET21c(+) plasmid to express HeAR. This insertion strategy resulted in an
additional 8 amino acids (LEHHHHHH) at the C-terminus, providing convenience for subsequent
purification. The inserted gene sequence was confirmed by sequencing again using an
ABI3130/3130xl genetic analyzer. The recombinant plasmid was then transformed into Escherichia coli
BL21 (DE3) strain for expression[24].

In LB medium containing 50 pg/mL kanamycin, Escherichia coli BL21 (DE3) was cultured at 37 °C,
180 rpm/min until the OD600 of bacterial exponential growth phase reached 0.6. To induce the target
protein, 1 mM isopropyl [-D-1-thiogalactopyranoside (IPTG) and 10 uM All-trans retinal were
added[25]. After induction for 8 hours, cells were harvested by centrifugation at 6000 g for 30 min.
The cell pellet was then lysed and membrane proteins were solubilized in buffer containing 1.5% n-
dodecyl-f3-D-maltopyranoside (DDM) as a detergent[26]. Purification of HeAR and BR was further
carried out using Ni-NTA agarose chromatography to separate the membrane protein from Hs[27].
Hs was cultured in halobacterial medium and BR was purified by sucrose density gradient
ultracentrifugation. The purified HeAR and BR were subjected to biological characterization.

2.2. Absorption Spectra and CD Spectra in Light Adaptation State

HeAR and BR were dissolved in a 10 mM HEPES buffer  (4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid, pH 7.5) containing 0.05% DDM and were left at room temperature
overnight to create dark-adapted samples, HeARP and BRP[28]. After illuminating the HeARP and
BRP solutions with 500 nm light to obtain the light-adapted samples, HeAR" and BRF, the absorption
spectra of both light- and dark-adapted samples were measured using an MPS2000 UV-visible
spectrophotometer. Circular dichroism (CD) spectra of HeAR and BR were recorded in a solution
containing 0.15% DDM and 10 mM HEPES (pH 7.5) using a JASCO J-1500 CD spectrometer.

2.3. Analysis by High Performance Liquid Chromatography of Isomeric Yellow Dye

The extraction method for the retinylidene photoreceptor and bacteriorhodopsin (HeAR and BR)
followed the protocol established by Dai et al. [29]. The isomeric content of retinylidene
chromophores in both light and dark-adapted states was analyzed using high-performance liquid
chromatography with a JASCO FLC-350. A total of 100 uL of HeAR and BR (0.15% DDM, 10 mM
HEPES, pH 7.5) was extracted. Then, 100 uL of hydroxylamine and 300 puL of methanol were added
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and mixed thoroughly, followed by the addition of 600 pL of hexane. After centrifugation, the
supernatant was collected, and the organic solvent was dried under nitrogen. Finally, 50 pL of hexane
was added for high-performance liquid chromatography detection.

2.4. Photochemical Reaction Cycle and Proton Pump Function Detection

Light-induced absorbance changes were measured using an ND-YAG laser (532 nm, 7 ns) flash
photolysis setup [30]. Absorbance changes were measured at 10 nm intervals across the visible range
(320-700 nm). The flash photolysis data analysis referenced the model developed by Dai et al. [29].
All samples were prepared in a solution containing 10 mM HEPES, 100 mM NaCl, 0.05% DDM, pH
7.5, with an optical density (OD560) of 0.7. Escherichia coli BL21 (DE3) expressing HeAR was
dissolved in a 1M NaCl solution, and changes in H+ concentration were detected using a pH-sensitive
detector after exposure to intense light [31].

3. Results

3.1. Induction Expression and Purification of Photosensitive Proteins

The HeAR gene was cloned into the pET21c(+) vector and transformed into E. coli BL21(DE3) for
protein expression. Following an 8-hour induction with IPTG, the bacterial culture transitioned from
pale yellow to a deep purple-red. The purified HeAR and BR proteins exhibited a purple color (Figure
2a), indicating that bacteria with active proton pumps might appear purple because of these proteins.
SDS-PAGE analysis of HeAR and BR showed distinct bands at approximately 27 kDa (Figure 2b).
This finding aligns with the predicted molecular weights derived from the amino acid sequences of
both proteins cloned into the vector, confirming successful purification.

HeAR BR

Figure 2. Microbial rhodopsins: BR and HeAR. (a) Comparison of the color of the HeAR and BR. (b) The
expression of the HeAR and BR analyzed by SDS-PAGE.

3.2. Detection of the Secondary Structure of Photoactive Proteins

BR interacts with phospholipids and retinal to form a unique structure as a trimer, which can be
detected by CD spectroscopy. At pH 7.5 (50 mM HEPES, 0.05% DDM), the CD spectrum of HeAR
resembles that of BR. However, its maximum absorption wavelength is red-shifted by 10 nm
compared to BR. In the CD spectra, HeAR and BR exhibit positive peaks at 525 nm and 535 nm, while
negative peaks are observed at 567 nm and 577 nm (Figure 3). These observations suggest that HeAR
has a unique trimeric structure that is similar to that of BR.
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Figure 3. The CD spectra of HeAR and BR.

3.3. Light and Dark Adaptation States and Composition of Visual Arrestin Isoforms

Bacteriorhodopsin (BR) interacts with the retinal chromophore in its binding region, allowing it
to absorb a wide range of wavelengths in the visible spectrum and to exhibit both light and dark
adaptation states, with maximum absorption peak wavelengths (Amax) of 568 nm for light adaptation
and 558 nm for dark adaptation. In darkness, both the All-trans and 13-cis forms of retinal coexist.
When illuminated, the 13-cis retinal chromophore converts to the All-trans form, leading to the light-
adapted state. If the light-adapted protein is placed in darkness, it reverts to the dark-adapted state.
HeAR also shows light and dark adaptation states. The transformation from HeAR" with a maximum
absorption of 550 nm to HeAR" with a maximum absorption of 560 nm takes 2560 seconds ( . 4a).
The transition from BRP (Amax 568) to BR" (Amax 578 nm) requires 320 s, with a 10 nm blue shift in
both cases (Figure 4c). Figure 4b shows that HeAR" changes to HeARP after about 160 minutes in the
dark, whereas BR' converts to BRP in 80 minutes (Figure 4d). Variations in the composition of retinal
chromophore isomers in proteins can cause changes in their absorption spectrum maximum values.
To determine the isomeric composition of retinal chromophores in both light and dark adaptation
states of HeAR, we analyzed the extracted retinal chromophores using high-performance liquid
chromatography (HPLC). Retinal chromophores exhibit a strong absorption peak at 350 nm, allowing
us to calculate their content ratios from the peak values. HPLC analysis showed that both HeAR and
BR contain only two retinal chromophore isomers: All-trans and 13-cis. The calculated ratios of retinal
isomers are as follows: HeARP has a ratio of All-trans to 13-cis of 2:1, HeAR" has 6:1, BRP has 1:1, and
BR" has 6:1 (Figure 5). The results obtained for BR are consistent with those reported by Maeda et al.
[32] previously. This indicates that during the transformation of HeAR from light to dark adaptation
states, as the content of 13-cis retinal chromophore decreases, the content of All-trans retinal
chromophore gradually increases. It is possible that during the photochemical cycle reaction, the
isomeric composition of retinal chromophores undergoes changes from All-trans to 13-cis and back
to All-trans.
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Figure 4. Comparison of the light-dark adaptation of purified HeAR and BR suspended in 10 mM HEPES, pH
7.5 at 20 °C. Light adaptation of purified HeAR (A) and BR (B). Curve 1 in A and B: HeAR (dark) and BR (dark).
Curves 2-11 in A and B: products of the successive irradiation of HeAR (dark) (A) and BR (dark) (B)at 500 nm
for 10, 10, 20, 40, 80, 160, 320, 640, 1280, and 2560 s, respectively. Dark adaptation of HeAR (C) and BR (D). Curve
1in C and D: the curve 11 in AR (A) and curve 9 in BR (B), respectively. Curves 2-9 in C and D: products of the
successive dark incubation of the mixture. The spectra were measured at 5, 5, 10, 20, 40, 80, 160, and 320 min

from the beginning of the dark incubation, respectively.

HeAR BR
A350 nm Assom
— Time
Light / / Light A N
Dark / ' / Dark
All-trans All-trans All-trans All-trans
13-cis 13-cis

Figure 5. Retinal isomer comparison of light-dark adapted pigment by HPLC analysis. The terms “Dark” and
“Light” in the panels indicate those obtained using dark and light adapted samples, respectively.
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3.4. Photosensitive Protein Photochemical Reaction Cycle and Proton Pump

After absorbing light, BR undergoes a photoreaction cycle. Upon light exposure, BR rapidly
forms various structural intermediates. Each intermediate has unique maximum absorption peaks.
In this study, using BR as a model, the time-dependent absorption wavelength changes of
intermediates representing different states, namely M (410 nm), L/N (540 nm), O (670 nm), and the
ground state (570 nm), were analyzed. As shown in Figure 6, HeAR also exhibits L, M, and O
intermediates similar to BR, which change rapidly over a very short period, transitioning between
states before returning to the ground state. Initially, the signals for both the HeAR ground state and
L state decrease at 60 us, while the M state signal increases and reaches saturation at the same time.
Subsequently, as the M state signal weakens, a faint O state signal increases, with the M state signal
disappearing completely at 3.3 ms, taking a total of 100 ms for all intermediates to vanish. Similarly
for BR, the L state and ground state signals decrease (0.3 ms), while the M state signal increases,
reaching saturation at 0.2 ms. Shortly after, the M state signal decreases while the O state signal
increases, followed by a return to the ground state, completing the entire cycle in about 11 ms. These
results indicate that HeAR also undergoes a photoreaction cycle, but with a longer duration compared
to BR. Notably, the generation and disappearance times of the M state in HeAR are quicker than in
BR, as the M state disappears before the O state does in HeAR. In contrast, in BR, the M state and O
state return to the ground state together. This suggests that HeAR may involve additional
intermediates that contribute to the slow cycling process.

150 150
100 HeAR 100 BR
50'/\ 504/>\

f:°- 0 E 0

; -50 - < 50

-100 -100

—— A410 nm —— A410nm
-150 ~——A670 nm -150 4 ~—— A540nm
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Figure 6. Comparison of the flash-induced absorbance changes of the HeAR and BR. Samples were measured at
four wavelengths: 410, 540, 570, and 670 nm.

We tested the proton pump activity in E. coli that expressed the HeAR gene. Visual observation
showed an increase in H+ concentration in the bacterial solution upon illumination (Figure 7). This
suggests that, like BR, HeAR also possesses the ability to transport protons outward. Proton pump
activity is a crucial factor in achieving light-controlled target cell modulation, as it can induce
membrane hyperpolarization and inhibit cell excitability. Currently, light-driven proton pumps, such
as Archaerhodopsin-T, are used to efficiently optogenetically silence neuron cells. Under yellow light
activation, proton-pumping proteins move positively charged protons from inside neurons to the external
environment. This process leads to hyperpolarization, which helps maintain neuron stability. When the
yellow light is turned off, Archaerhodopsin-T rapidly closes ion transport channels compared to NpHR,
enabling quick light control over neuron cells at low light power. Therefore, light-driven proton pumps
are considered highly efficient tools for optogenetic applications. HeAR, as a proton transporter, may also
serve as an excellent photosensitive tool for optically inhibiting neuron cells.
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Figure 7. Light-induced ion movement of the E. coli cell expressing HeAR. The red bar indicates the period of
illumination by orange light (590 + 8.5 nm).A, Pump activity of HeAR expressing E. coli cell suspensions in 50
mM HEPES, 1M NaCl, pH7.5.

4. Discussion

HeAR was successfully expressed and purified using E. coli BL21 (DE3) and, similar to BR,
appeared purple. It is likely that the color of proton pump-active bacterial rhodopsin proteins is also
purple. These photosensitive proteins could serve as biochemical staining tracers. The unique
biological characteristics of bacterial rhodopsin proteins include light adaptation and the photocycle
process [33]. The retinal in the protein forms a covalent bond with surrounding amino acids, and the
photocycle is completed as the retinal structure changes with light exposure. Studies have shown that
one photocycle releases one proton [34]. Therefore, the composition of retinal isomers to a large extent
affects the biological function of the protein. Like BR, HeAR has two isomeric forms of retinal in the
dark-adapted state: All-trans and 13-cis, with a ratio of 2:1, whereas BR has a 1:1 ratio. After light
exposure, most of the 13-cis form of HeAR converts to the All-trans form, entering the light-adapted
state. In the light-adapted state, HeAR undergoes the photocycle when excited by light, with retinal
isomerization cycling through All-trans, 13-cis, and back to All-trans, followed by several
intermediate states before returning to the ground state. Our study shows that HeAR also has M, L,
and O states similar to BR, but the entire cycle is 90 mS slower than BR. Although HeAR also exhibits
proton pump activity, its efficiency may be lower than that of BR based on the logic of one proton
released per photocycle. Unfortunately, BR cannot be expressed in other tissue cells, making it
unsuitable for optogenetics. The homology between Archaerhodopsin-T and HeAR is 95%, indicating
that HeAR may also have certain value in optogenetic research. This research focuses on expressing
and purifying HeAR in bacteria. Additionally, it aims to detect the protein's photosensitive activity
and explore its characteristics. Future research will shift towards expressing HeAR in animal models,
particularly in mice, to verify its application value in optogenetic studies. This approach will enhance our
ability to assess the potential of HeAR in regulating neural activity and understanding neural circuits,
ultimately providing new tools and insights for the research and treatment of related diseases.

5. Conclusions

This study successfully expressed and purified the photosensitive protein HeAR, examining its
characteristics under both light and dark conditions. Transforming E. coli BL21(DE3) with a pET21c(+)
plasmid containing the HeAR gene caused a color change from pale yellow to purple-red, confirming
the purple hue of HeAR and its homolog BR. SDS-PAGE analysis indicated that both proteins have a
molecular weight of approximately 27 kDa. Circular dichroism (CD) spectroscopy showed that
HeAR's spectral features closely resemble BR's, with HeAR's maximum absorption wavelength red-
shifted by 10 nm. This indicates a similar trimeric structure; however, there are subtle spectral
differences that may be linked to environmental factors or variations in retinal isomer composition.
Both HeAR and BR exhibited clear light-dark adaptation phenomena. In dark-adapted states, the
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ratios of HeAR's all-trans and 13-cis retinal isomers were 2:1 and 6:1, respectively, indicating a
dynamic adjustment in retinal isomer composition in response to varying light conditions. Studies
on photochemical reaction cycles showed that HeAR, similar to BR, undergoes a rapid cycle with L,
M, and O intermediates when exposed to light. While the overall cycle time of HeAR is longer than
that of BR, it exhibits faster M-state dynamics, indicating the presence of additional intermediates
and greater reaction complexity. When illuminated, HeAR showed notable outward proton pumping
activity, akin to BR. This proton pump mechanism allows HeAR to effectively transport H+ ions from
the cell interior to the exterior, achieving a hyperpolarization effect. In comparison to other
photosensitive proteins, such as NpHR and Archaerhodopsin-T, HeAR has the potential for rapid
neuronal inhibition even at low light levels. In conclusion, this study highlights the fundamental
characteristics of HeAR and its similarities to BR, laying a theoretical groundwork for its future
applications in neurobiology. As a novel photosensitive protein with unique photochemical properties
and proton pump activity, HeAR could become a valuable tool in future optogenetic research.
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