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A B S T R A C T

Solubilization in detergents is a widely used technique for the isolation of membrane proteins and the study of 
their properties. Unfortunately, protein stability in detergent micelles can sometimes be compromised. We 
encountered this issue with xanthorhodopsin (XR) from Salinibacter ruber, which had been previously engineered 
for expression in Escherichia coli cells. To explore the factors affecting stability and to enhance thermal stability of 
recombinant XR preparations following solubilization of membranes using n-dodecyl-β-D-maltopyranoside and 
nickel-affinity chromatography, we developed a series of hybrid proteins based on the homology between XR and 
a stable rhodopsin from Gloeobacter violaceus (GR). Functional studies of these hybrids and measurements of their 
melting temperatures revealed the structural elements of XR that account for its notable difference in stability 
compared to GR, despite their high overall homology of approximately 50 % identical residues.

In particular, XR variants with an engineered loop between transmembrane helices D and E, similar to that in 
GR, demonstrated enhanced stability. However, we found that replacing the DE loop affects carotenoid binding. 
Additionally, two hybrid proteins containing the C and D helices from GR exhibited increased stability as well as 
improved photocycle and proton transport rates. In conclusion, we have demonstrated that optimizing the amino 
acid sequence of xanthorhodopsin from S. ruber based on its homology with Gloeobacter rhodopsin is an effective 
approach to enhance its thermal stability in vitro and improve its potential for optogenetic applications.

1. Introduction

Retinal-containing proteins, which are widely distributed among 
various microorganisms, utilize the energy of absorbed light to perform 
important cellular functions [1,2]. Their molecules are composed of 
seven alpha-helical segments with a covalently attached retinal chro
mophore in an all-trans configuration. Upon light absorption, isomeri
zation of the retinal to the 13-cis form initiates a series of conformational 
changes, leading to alterations in spectral properties and trans
membrane charge movements [3,4]. A specific group of microbial rho
dopsins from the xanthorhodopsin clade is distinguished by the presence 
of two chromophores: retinal and carotenoid. The carotenoid functions 
as a light-harvesting antenna. It absorbs light and part of the excitation 

energy is transferred to the retinal chromophore thus increasing light- 
harvesting over a broader spectral range [5]. Xanthorhodopsin (XR) 
from Salinibacter ruber [5,6], the first discovered retinal proton pump 
with a carotenoid antenna, contains salinixanthin (SX), a 4-ketocarote
noid with a C40 chain, a C15 acyl chain and a glycosyl [7]. Analysis of 
the crystal structure of XR isolated from its native host revealed the 
interaction interface of XR with SX, which includes several hydrophobic 
residues from helices E and F. The 4-keto-ring binding pocket contains a 
small Gly156 residue, which is considered a distinctive feature of 
carotenoid-binding microbial rhodopsins [8,9]. The configuration of 
this site facilitates efficient energy transfer from SX to the retinal chro
mophore, resulting in an expanded light absorption range for XR 
[10,11].

Abbreviations: BR, bacteriorhodopsin; ESR, retinal protein from Exiguobacterium sibiricum; PR, proteorhodopsin; XR, xanthorhodopsin; GR, rhodopsin from 
Gloeobacter violaceus; DDM, n-dodecyl-β-D-maltopyranoside, SX, salinixanthin; TSA, thermal shift assay.
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Gloeobacter violaceus rhodopsin (GR) is another retinal protein that 
demonstrated SX binding in vitro, providing efficient (~40 %) energy 
transfer to retinal [9,12]. It also can bind echinenone [13] and cantha
xanthin [14]. GR with bound canthaxanthin exhibited enhanced proton 
pumping and greater thermal stability compared to the protein without 
carotenoids [14]. The structure of the carotenoid-binding pocket in GR 
was investigated by modeling [15] and point mutagenesis, revealing two 
functional motifs located in helices E and F [16]. Recently, new repre
sentatives of XR and PR clades have been shown to bind carotenoids that 
lack the 4-keto group [17]. This finding has demonstrated that the global 
distribution of carotenoid-binding rhodopsins encompasses a variety of 
environments and emphasizes the significance of a detailed investiga
tion of their structure and functions.

Numerous studies focused on deciphering the mechanisms of energy 
transfer from carotenoids to retinal in XR and homologous rhodopsins, 
as well as the mechanisms of proton transfer in native cells [5,18], cell 
membranes and detergents (reviewed in [19]). However, the role of 
specific amino acid residues in XR was difficult to characterize due to the 
absence of a suitable expression system. In the recent work [20], we 
developed a method to produce recombinant XR in Escherichia coli cells 
and demonstrated that its spectral and proton transport properties 
closely resemble those of the native protein isolated from S. ruber. 
Nonetheless, the purified protein and some of its mutants exhibited 
limited thermal stability compared to the XR found in native membranes 
which complicated their characterization [20]. An alternative approach 
that involved the expression of XR in media with elevated K+ concen
trations yielded functional protein, although some mutants still lacked 
sufficient stability [21]. Additionally, reduced stability of the recombi
nant XR produced in a cell-free system was reported in [22]. In the 
current study, we relied on the homology between XR and thermally 
stable GR to identify structural elements that affect the thermal stability 
of recombinant XR. As a result, XR variants with enhanced stability were 
produced and characterized.

2. Materials and methods

2.1. Plasmid construction

Plasmid pET-XR3 coding for the recombinant XR(1–263) was 
described earlier [20]. Plasmid pSC-GR containing a wild-type GR gene 
was a kind gift from Dr. Yu. Bertsova. The genes coding for hybrid 
proteins were constructed by PCR using primers listed in Table S1. DNA 
fragments were cloned in pET32a plasmid vector cut with NdeI and XhoI. 
Insertions were verified by sequencing (Evrogen). Amino acid sequences 
of the obtained variants are listed in the Supplementary Material.

2.2. Protein expression and purification

To produce recombinant proteins without carotenoid, E. coli C43 
(DE3) cells harboring one of the described plasmids were grown at 37 ◦C 
in M9 minimal medium supplemented with ampicillin (100 μg/ml) until 
OD at 600 nm reached ~0.8. Then 0.2 mM IPTG and 5 μM all-trans- 
retinal were added to the medium and incubation continued at 25 ◦C 
overnight. Cells were collected by centrifugation at 6000 ×g for 20 min. 
Obtained pellet was resuspended in 50 mM Tris-HCl, pH 8.0, 5 mM 
EDTA, 20 % sucrose with lysozyme (0.2 mg/ml), and disrupted by 
sonication. The suspension was centrifuged for 30 min at 6000 ×g and 
the resulting supernatant was centrifuged for 90 min at 100000 ×g. 
Membrane preparation was solubilized in 50 mM Tris-HCl, pH 8.0 
containing 1 % n-dodecyl-β-D-maltopyranoside (DDM) and purified on a 
Ni-affinity column (GE Healthcare) in 30 mM NaP, 200 mM NaCl, 0.05 
% DDM, pH 8.0 supplemented with 10–250 mM imidazole. Eluted 
protein was concentrated and transferred to an imidazole-free buffer 
using centrifugal filter devices (Ultracel YM-30, Merck Millipore).

To obtain proteins in a carotenoid-bound form, E. coli С43(DE3) cells 
with the pACCAR25ΔcrtXZcrtO plasmid [23] (a gift from Dr. Friedrich) 

were used. The starting culture (10 ml) was grown in LB with ampicillin 
(100 μg/ml) and chloramphenicol (34 μg/ml). After reaching OD600 ~ 1, 
the cells were transferred to 400 ml of M9 medium containing the same 
antibiotics, induced as described above, and cultivated at 25 ◦C in the 
presence of all-trans-retinal for 48 h after induction. The proteins were 
purified as described above.

2.3. Spectroscopic measurements

Absorption spectra were recorded on a modified Hitachi-557 (Japan) 
spectrophotometer. Flash-induced absorption changes of the recombi
nant proteins were measured with a lab-made flash-photolysis system as 
described in [24,25]. Before measurements, samples were diluted to 
A540 = 0.1 with complex buffer (5 ММ of sodium citrate, MES, MOPS, 
and CHES, 100 ММ NaCl, 0.05 % DDM, рН 7.4). The required pH value 
was further adjusted by the addition of a small volume of diluted NaOH 
solution. Flash (532 nm, 8 ns, 10 mJ) was from LS-2131 M Nd-YAG Q- 
switched laser (LOTIS TII, Belarus). Transient absorption changes were 
detected by a photomultiplier and digitized by Octopus CompuScope 
8327 (GaGe, Canada). The kinetic traces (each was an average of 100 
repeats) were fitted with a sum of exponentials using Mathematica 
(Wolfram Research, USA).

2.4. Proton transport assay

C43(DE3) cells containing one of the described plasmids were grown 
in 10 ml of M9 supplemented with ampicillin (100 μg/ml) and 5 μM all- 
trans-retinal in 100 ml flasks. After induction with 0.2 mM IPTG at 25 ◦C 
overnight, the cells were collected by centrifugation at 3500 xg and 
washed three times with 5 ml of solution containing 10mM NaCl, 10mM 
MgSO4, and 100μM CaCl2. Between centrifugations, the cells were 
equilibrated in this solution for 10 min. The cell pellet was resuspended 
in the same solution (final pH ~5.7) to reach 2 OD at 600 nm in 1 ml. 
Measurements of light-induced pH changes were performed with a pH 
electrode (Orion) and Keithley 610C electrometer (USA) equipped with 
a digital multi-meter Metex 365D (Republic of Korea) as described in 
[26]. Cell suspension (1 ml) in a thermostated Qpod 2e cell (1 × 1 cm, 
Quantum Northwest, USA) was illuminated with a 300 W halogen lamp 
in combination with a 10 cm water IR filter and yellow filter (500–700 
nm) at 20 ◦C with constant stirring.

To normalize the amplitudes of light-induced pH changes in sus
pensions of cells with expressed proteins, the absorption spectra of the 
cell suspensions were measured in a 2 mm cuvette positioned at a dis
tance of 4 mm from the photomultiplier of the spectrophotometer. The 
contribution of Rayleigh scattering was subtracted from the resulting 
spectra using the inverse fourth power function of the wavelength (see 
Fig. S1 in the Supplementary Material as an example). The photoinduced 
pH changes were normalized to the absorbance at the absorption 
maximum in the 530–550 nm region, which was in the range 0.07–0.12.

2.5. Protein stability measurements

Protein stability was assessed by TSA (thermal shift assay) using a 
Maya 2000 Pro spectrophotometer (Ocean Optics, USA) with a ther
mostatically controlled Qpod 2e cell (Quantum Northwest, USA). Pro
tein samples were diluted in 10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 
0.05 % DDM to A540 = 0.3. The temperature was increased from 30 to 
90 ◦C at a rate of 1◦С/min. The spectra were processed using the library 
tools for the Python SciPy programming language. Rayleigh scattering 
was subtracted from each spectrum based on the absorption of the 
sample in the range 700–800 nm. After that, the absorption ratio at the 
wavelengths of 380 nm (free retinal absorption maximum) and 540 nm 
(average absorption maximum of the studied retinal proteins) was 
determined. The change in this ratio accompanying temperature in
crease was approximated by a sigmoidal function with five parameters 
Eq. (1) similarly to described in [27]. The melting point was calculated 
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using the Eq. (2), 

f(T) = fmin +
fmax − fmin
(
1 + e

b− T
a
)c

(1) 

Tm = b − a*ln
(

2
1
c − 1

)

(2) 

where a, b, c are the approximation parameters, fmin and fmax are the 
minimum and maximum values of the OD380/OD540 ratio corre
spondingly. A representative fitting example can be found in Supple
mentary Material (Fig. S2). Results of three independent Tm 
measurements for each sample were averaged.

3. Results

3.1. Construction and expression of XR-GR hybrid proteins

Replacing protein fragments with amino acid sequences of homolo
gous proteins that possess desired properties is a common approach in 
protein engineering. This method has also been employed to optimize 
the amino acid sequences of microbial rhodopsins. To increase the 
expression level of Halobacterium salinarum bacteriorhodopsin (BR) in 
E. coli, its structural elements were replaced with the corresponding 
fragments from sensory rhodopsin SRII, enabling the production of re
combinant BR in sufficient quantities for crystallization [28]. The con
struction of the hybrid protein C1C2, consisting of five transmembrane 
segments from the C. reinhardtii channelrhodopsin ChR1 and two seg
ments from ChR2, resulted in a high level of expression in the insect cells 
[29]. Additionally, to enhance the stability of Flavobacteria rhodopsin 
(FR), several fragments and individual transmembrane helices of this 
protein were replaced with GPR sequences [30]. Theoretically, the 
sequential application of this approach allows for the localization of a 
small region of the target protein that is responsible for its specific 
properties [28].

To improve the thermal stability of recombinant XR, we propose 
using this strategy based on the homology of amino acid sequences of XR 
with the rhodopsin from G. violaceus (GR). This protein shares 50 % of its 
residues with XR (Fig. 1), is efficiently expressed in E. coli cells, and 
exhibits sufficient stability in the absence of a carotenoid [9,14].

In the first step, the genes coding for hybrid proteins Hy1 (which 
contains the helices A-D from XR and the helices E-G from GR) and Hy2 
(includes the helices A-D from GR and the helices E-G from XR) were 
obtained by PCR. Next, we constructed genes for hybrid proteins with 
substitutions of smaller structural elements incorporating homologous 
GR elements in the C-terminal (Hy3–Hy6) and N-terminal (Hy7–Hy10) 
regions of XR. As a result, we produced 13 gene variants (Fig. 2) which 
were expressed in E. coli C43(DE3) cells with the addition of all-trans- 
retinal.

All strains were cultivated in the M9 minimal medium, which has 
been previously shown to promote the functional expression of recom
binant XR [20]. Electrophoretic analysis of membrane fractions from 
cell cultures producing hybrid polypeptides revealed the presence of 
corresponding bands in all samples, except for Hy7 (Fig. S3). The syn
thesis level was lowest for Hy2, while the highest protein yields were 
obtained for the Hy8 and Hy9 variants. To study the properties of the 
hybrid proteins, they were isolated from the membrane fractions after 
solubilization in DDM and subsequent metal affinity chromatography.

3.2. Hybrids containing helices F and G from GR are unstable

The spectral characteristics of the hybrid proteins are summarized in 
Table 1. Their absorption maxima varied in the range 533–548 nm. 
Variants Hy2, Hy3, and Hy8 exhibited blue-shifted absorption maxima, 
while Hy1, Hy5, and Hy6 demonstrated similar maxima with that of GR 
(541 nm). Notably, the Hy9 hybrid was the only variant with an 

absorption maximum close to the recombinant XR (544–548 nm). It 
should be mentioned that the spectra of several hybrids after purifica
tion showed significant light scattering in the short-wavelength region 
(350–450 nm), and, in some unstable variants, the absorbance of retinal 
at 360–380 nm (Figs. 3A, B; S4, S5). These features were initially 
observed in the spectra of the Hy1 and Hy2 hybrids (Fig. 3A, B) and were 
interpreted as indicators of partial protein denaturation and aggregation 
due to low thermal stability.

During the construction of the Hy2 variant, we replaced the four XR 
helices (A-D) with the corresponding structural elements from GR while 
preserving the sequence of the loop between the helices D and E (DE 
loop). We also decided to obtain an additional Hy22 variant by replacing 
the DE loop from XR with the corresponding loop from GR (Fig. 2). The 
absorption spectrum of the Hy22 demonstrates the decrease in absorp
tion at short wavelengths (Fig. 3C) compared to Hy2, which is consistent 
with a higher stability of this hybrid (see below).

The hybrid proteins Hy4 and Hy6 exhibited extremely low stability 
following purification, leading to a rapid loss of retinal that hindered 
their characterization. Variants Hy3 and Hy5 displayed higher stability; 
however, their spectra still revealed significant absorption in the short- 
wavelength region from light scattering and presence of a retinal band 
(Figs. S4, S5). The hybrid proteins Hy22, Hy8 and Hy9, which demon
strated improved spectral quality, were expected to be more stable 
(Fig. 3C–E). This assumption was further supported by quantitative 
measurements using the thermal shift assay (Section 3.4).

3.3. Photocycle characteristics of hybrid proteins

The kinetics of light-induced absorption changes of hybrid proteins 
in DDM micelles was examined by flash photolysis at four characteristic 
wavelengths (410, 500, 570, and 620 nm) at pH 9 (Table 2). The initial 
absorption changes at 620 nm correspond to the formation of a K-like 
intermediate, and at 570 nm – to the bleaching of the absorption band of 
the protein in the ground state. The decay of the K intermediate on a 
microsecond time scale is accompanied by a decrease in absorption at 
620 nm. It is followed by an increase in absorption at 410 nm which 
reflects accumulation of the M intermediate from deprotonation of the 
Schiff base and proton transfer to the proton acceptor (Asp96 in XR). The 
subsequent decrease in absorption at 410 nm and simultaneous increase 
at 570 nm reflect the decay of the M-state and formation of the N in
termediate during reprotonation of the Schiff base. The next transition 
(N → O) is characterized by an increase in absorption with a maximum 
at 620 nm. The decay of the O state and the return of the initial state led 
to a decrease in absorption at 620 nm and a simultaneous increase at 
570 nm.

The overall duration of the photocycle and the parameters of its ki
netic stages varied significantly among the hybrid proteins (Table 2, 
Fig. 4). The Hy1 variant exhibits a fast photocycle, characterized by the 
absence of detectable accumulation of the M intermediate. Long-wave 
products dominate the photocycle of this protein (Fig. 4C). As previ
ously demonstrated for PR [33] and ESR [34], the absence of visible M 
formation may be attributed to kinetic reasons (the rate of its decay 
exceeds the rate of formation). In this case, an increase in pH and a 
corresponding slowdown in the Schiff base deprotonation rate should 
enable the detection of M formation. However, attempts to study this 
hybrid at higher pH values were unsuccessful due to its instability under 
these conditions.

The photocycle of the Hy2 hybrid, on the contrary, is characterized 
by a substantial amount of the intermediate M (Fig. 4D), which is formed 
with τ1 ~ 5 μs and τ2 ~ 48 μs at pH 9 (Table 2). The decay of M occurs in 
several stages and ends with a return to the initial state with τ ~700 ms. 
The formation of red-shifted intermediates at 620 nm is not observed, 
suggesting a delay in the Schiff base reprotonation. Overall, the photo
cycle of this variant is significantly slower compared to the Hy1 and XR 
proteins. In the Hy22 hybrid, the formation of M occurs more rapidly 
with two time constants of 1.7 and 9 μs. Additionally, the decay of M and 
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Fig. 1. A) Partial amino acid sequence alignment of GR and XR using BLAST. The positions of the helical segments A-G according to PDB ID 6NWD and 3DDL, 
correspondingly, are indicated. Identical residues are shown in red letters. B) Multiple sequence alignment of XR, GR and hybrid proteins using Clustal Omega. Color 
was applied according to percentage identity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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the return to the initial state in Hy2.2 are significantly accelerated 
compared to Hy2.

The Hy8 hybrid protein exhibits one of the fastest photocycle rates 
among all the studied variants (Table 2). It is considerably faster than 

that of the recombinant XR. At pH 9, the formation of M is characterized 
by kinetics including three components with 2, 18, and 69 μs time 
constants, while the decay of M occurs with τ ~5.3 ms. The return to the 
initial state takes place with τ ~26 and 126 ms (Fig. 4E).

In the photocycle of Hy9, the formation of the intermediate M occurs 
with characteristic time constants of 7 and 40 μs at pH 9, and its decay 
occurs with time constants of 2.5 and 9 ms. The decay of long-wave 
intermediates and the return to the initial state are described by char
acteristic time constants of 99 and 356 ms, respectively (Fig. 4F). Thus, 
the reprotonation of the Schiff base in Hy9 is relatively slowed compared 
to the recombinant XR.

3.4. The presence of the DE loop from GR increases thermal stability in 
XR mutants

Thermal stability is an important characteristic of recombinant 
proteins since it enables the assessment of functional and structural 
changes in mutant variants compared to native proteins. In this study, 
we investigated thermal stability of hybrid proteins by measuring their 
melting curves upon heating from 30 to 90 ◦C (Fig. S6) and calculating 
the phase transition temperature (Tm) at which 50 % of the protein is 
denatured (thermal shift assay, TSA). Previous studies have shown that 
the denaturation of retinal proteins is accompanied by the Schiff base 
hydrolysis and accumulation of unbound retinal in protein samples [35]. 
Additionally, light scattering from protein misfolding and aggregation 
contributes to the absorption spectra in the short-wavelength region 

Fig. 2. Structural schemes of hybrid proteins. Structural elements derived from XR are shown in grey, and those from GR are in light blue. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1 
Spectral characteristics of hybrid proteins.

Protein Structure 
(helices)

λmax, nm 
at pH 9

Spectral quality

GR [31] abcdefg 541 High
XR from S. ruber [32] ABCDEFG 551–553 High
XR from E. coli [20] ABCDEFG 544–548 Lowa

Hy1 ABCDefg 538 Low
Hy2 abcdEFG 533 Low
Hy22 abcdEFG 533 High
Hy3 ABCDeFG 535 Low
Hy4 ABCDefG nd Low
Hy5 ABCDEfg 541 Low
Hy6 ABCDEFg 541–544 Low
Hy8 ABcdEFG 534–536 High
Hy9 ABCdeFG 544–548 High
Hy92 ABCdeFG 544–548 High
Hy10 ABCdEFG 537 Low
XR-L1 ABCDEFG 544–548 High

a Significant absorption in the short wavelength region (350–450 nm), mainly 
due to light scattering and, in some variants, to the retinal absorption band, was 
interpreted as low spectral quality.

Fig. 3. Absorption spectra of selected hybrid proteins in the complex buffer at pH 9.0.
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(350–450 nm). Therefore, we selected the ratio of absorption at 380 nm 
to that at 540 nm (the average absorption maximum of the studied 
proteins) as a criterion for assessing protein state in our studies.

We have previously demonstrated that the recombinant XR in the 
absence of a carotenoid exhibits low stability and quickly loses its color 
[20]. Therefore, we were unable to measure its melting point using TSA. 
In contrast, the carotenoid-bound form of the same protein (see below) 
displayed higher stability, which enabled us to determine the corre
sponding value (64 ◦C). For comparison, we also obtained data for the 
recombinant GR. Its melting temperature was ~74 ◦C, and in the com
plex with carotenoid, it increased to 81 ◦C (Table 3).

The study of hybrid proteins using TSA revealed their different 
thermal stability. The Hy1 and Hy2 variants, which exhibited low 
spectral quality, demonstrated relatively low melting temperatures (58 
and 61 ◦C, respectively). As a result of replacing the DE loop from XR 
with the corresponding GR loop in the Hy22 variant, we observed an 
increase in the melting temperature by 10 ◦C, up to ~71 ◦C. The most 
significant increase in stability was demonstrated by the Hy8 and Hy9 
variants (Tm 77 and 76 ◦C, respectively). Consequently, the stability of 
these variants exceeded that of the carotenoid-free recombinant GR. An 
even higher Tm (79 ◦C) was exhibited by the Hy92 variant of the Hy9 
hybrid, in which the CD loop was exchanged with that from GR (see 
below).

To confirm the role of the DE loop in the thermal stabilization of 
hybrid proteins, we constructed the XR variant containing the corre
sponding sequence, XR-L1. The absorption maximum of this protein was 
544–548 nm at pH 8, which corresponds to the previously determined 

Table 2 
Photocycle characteristics of hybrid proteins.

Protein τ1, μs τ2, μs τ3, ms τ4, ms τ5, ms τ6, ms

GR [31] 11 110 0.640 3.2 22 140
GR (this study) 6.7 131 0.467 4.1 44 209
XR from S. ruber [5]a 7.5 35 0.280 1.3 11 100
XR from S. ruber [32]b 8.2 45 0.144 0.5 5 343
XR from E. coli [20]c 3.4 45 0.175 1.6 63 226
Hy1 3.8 33 0.510 1.8 55 228
Hy2 5.2 48 – 4.3 76 698
Hy22 1.7 9 1.83 14.6 55 272
Hy3 7.6 53 0.615 3.9 28 530
Hy5 3 53 – 1.2 83 253
Hy8 2 18 0.069 5.3 26 126
Hy9 7 40 2.5 9.2 99 356
Hy92 9.4 35 0.32 3.5 11 31
Hy10 3,3 27 0.91 9.3 219 1129
XR-L1c 4.9 58 0.41 4.0 21 350

In the photocycle of the recombinant XR, τ1 and τ2 constants correspond to M 
intermediate formation, τ3 and τ4 reflect the decay of the M-state and formation 
of the N/O intermediate, τ5 and τ6, the decay of the O state and return of the 
initial state. Assignment of the rate constants for individual proteins can vary, 
see corresponding text.

a Membranes of S. ruber solubilized with 0.15 % DDM at pH 8.8.
b Membranes of S. ruber after bleaching of SX at pH 8.6.
c At pH 8.0. Other time constants were obtained at pH 9.0.

Fig. 4. Light-induced absorption changes at 410, 500, 570, and 620 nm of the recombinant XR (A), GR (B), Hy1 (C), Hy2 (D), Hy8 (E), and Hy9 (F) hybrid proteins. 
Samples were in the complex buffer (pH 9.0) containing 0.05 % DDM and 100 mM NaCl. Data for XR are from [20].
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value for the recombinant XR [20] (Fig. 5A). Notably, the absorption at 
shorter wavelengths in the spectrum of XR-L1 is significantly lower 
compared to that of the recombinant XR, indicating its higher stability. 
The photocycle of XR-L1 (Fig. 5B) includes the main intermediates, the 
formation and decay of which can be described by a set of six time 
constants. At pH 8, the formation of the M intermediate occurs with time 
constants of 5 and 58 ms, and its decay with τ ~0.4 and 4 ms is 
accompanied by the formation of long-wavelength intermediates of the 
photocycle. Their decay and return to the initial state are described by τ 
~21 and 350 ms (Table 2). Thus, reprotonation of the Schiff base in this 
protein is somewhat slowed compared to the recombinant XR; however, 
the kinetic constant for this step is similar to that of XR isolated from 
S. ruber and bleached from SX [32]. The melting temperature of XR-L1 is 
67.5 ◦C, which exceeds the value for the recombinant XR in the 
carotenoid-bound form.

3.5. Modification of the amino acid sequence between C and D helices 
increases the photocycle rate in XR hybrid variants

Comparison of the amino acid sequences of the helix C in XR and GR 
reveals their strong conservation up to the cytoplasmic region. The 
sequence of this region and the CD loop is less conserved (Fig. 1). To 
understand the structural basis for the fast photocycle observed in the 
Hy8 hybrid variant (which includes the cytoplasmic part of the helix C 
and the helix D from GR), we modified the amino acid sequence of the 
Hy9 hybrid (which contains the helices D and E from GR) by replacing 
the sequence of the cytoplasmic part of the helix C and the loop between 

the helices C and D (CD loop) with those from GR. The resulting protein 
Hy92 exhibited good spectral properties (Fig. 6A) and a fast photocycle 
(Table 2, Fig. 6B). The rate of the M intermediate formation in this 
protein is characterized by three time constants of 9, 35 and 320 μs. The 
first two constants are comparable to those of Hy9 while the third one is 
about eight times smaller. Also, the τ4 time constant (3.5 ms), which 
describes the M decay in Hy92, is ~2.5 times smaller than in Hy9. Re
turn to the ground state in Hy92 occurs with time constants 11 and 31 
ms indicating a substantial acceleration of this process when compared 
to Hy9 (9 and 11.5-fold decrease of τ5 and τ6 correspondingly).

The Hy92 also demonstrated acceleration of the final photocycle 
stages compared to Hy8. The τ5 and τ6 time constants of its photocycle 
were respectively 2.5 and 4 times smaller (Table 2). As a result, Hy92 
exhibited the highest photocycle rate observed in our study. Addition
ally, its thermal stability exceeds those of the Hy8 and Hy9 hybrids 
(melting temperature is 1.5 and 3.5◦ higher than those of Hy8 and Hy9, 
respectively).

3.6. Proton transport in E. coli cells with expressed hybrid proteins

To evaluate the ability of hybrid proteins to transport protons across 
the membrane, we measured light-induced pH changes in suspensions of 
E. coli cells expressing the variants Hy8, Hy9, Hy92, and XR-L1. The 
same cells producing GR and XR were used as controls. For all samples 
studied, illumination of the suspension resulted in the acidification of 
the medium similar to that observed in the cells with XR and GR 
expression. However, the speed and amplitude of this process vary 
considerably among the different hybrid proteins (Fig. S7, Fig. 7).

The cell suspensions containing Hy9 and XR-L1 exhibited amplitudes 
of pH changes that were 1.5 and three times smaller, respectively, than 
those observed with XR, despite comparable levels of recombinant 
proteins expression (Figs. 7A, S1). In contrast, the normalized ampli
tudes of the light-induced pH changes in the suspensions of E. coli cells 
producing the Hy8 and Hy92 variants were almost 1.5 times greater. 
Additionally, they were two times higher than that of the pH changes 
observed in E. coli cells expressing GR (Fig. 7B). Thus, in our study, the 
Hy8 and Hy92 hybrids emerged as the most efficient variants in terms of 
photocycle rate and proton transport.

3.7. Increased stability correlates with impaired ability to bind 
carotenoids in XR variants containing DE loop from GR

In the previous work, we demonstrated that the recombinant XR can 
bind salinixanthin (SX), a major carotenoid found in S. ruber cells [20]. 
The reconstitution of the recombinant GR with SX [9] and echinenone 

Table 3 
The melting temperatures of hybrid proteins. 
The mean and STD from three independent 
experiments are shown.

Protein Tm, ◦С

GR 73.5 ± 0.4
GRCa 80.7 ± 0.3
XRCa 64.6 ± 0.5
Hy1 58.5 ± 0.6
Hy2 60.8 ± 0.2
Hy22 70.7 ± 0.4
Hy3 66.1 ± 0.3
Hy8 77.4 ± 0.5
Hy9 75.5 ± 0.6
Hy92 79.0 ± 0.4
XR-L1 67.5 ± 0.2

a GRC, XRC – carotenoid-bound forms of GR 
and XR, correspondingly.

Fig. 5. Properties of the XR-L1 mutant. A) Absorption spectra of the XR-L1 and the recombinant XR [20] at pH 8.0. B) Kinetics of light-induced absorption changes of 
the XR-L1 at 410, 500, 570, and 620 nm (pH 8.0).
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[13] was previously reported. GR can be also expressed in E. coli in the 
presence of endogenously produced keto-carotenoids [14]. In the cur
rent study, to characterize the ability of the hybrid proteins to bind 
carotenoids, we isolated recombinant proteins from E. coli cells 
harboring the pACCAR25ΔcrtXZcrtO plasmid. The crtO gene encodes 
β-carotene ketolase which converts β-carotene into echinenone and 
canthaxanthin [36]. The presence of both keto-carotenoids in these cells 
has been demonstrated previously [37]. Since GR can bind to either of 
them [13,14], we suppose that the recombinant proteins derived from 
the carotenoid-producing strain may contain a mixture of echinenone- 
and canthaxanthin-associated forms.

For the control, the recombinant XR was obtained from the same 
strain. The absorption spectrum of the purified protein displayed 

additional maxima at ~430, 458, and 485 nm indicating the presence of 
carotenoids. Notably, the absorption value at 485 nm was twice as high 
as that at 546 nm (Fig. 8A) suggesting effective carotenoid binding. It 
should be mentioned that the vibronic structure characteristic of the 
spectrum of SX-bound XR [5,20] was not observed in this sample.

When the hybrid proteins Hy8, Hy9, and XR-L1 were produced under 
the same conditions, the corresponding bands were only seen in the 
absorption spectrum of the Hy9 variant (Fig. 8B). It is noteworthy that 
the absorption value at these wavelengths did not exceed the absorption 
in the band associated with the bound retinal. We presume that in Hy9 
only a small fraction of the protein is in a carotenoid-bound state. In 
contrast, the absorption spectra of the Hy8 and XR-L1 variants grown 
under the same conditions did not show any additional maxima 

Fig. 6. Properties of the Hy92 hybrid. A) Absorption spectrum. B) Kinetics of light-induced absorption changes at 410, 500, 570, and 620 nm at pH 9.0.

Fig. 7. Light-induced pH decrease in E. coli cell suspensions containing: A) recombinant XR (black line), Hy9 (blue line), and XR-L1 (red line). B) Hy8 (orange line), 
Hy92 (grey line), recombinant XR (black line), and GR (purple line). Green line – pH changes in the suspension of cells containing recombinant XR (A) or Hy8 (B) in 
the presence of 10 μM carbonyl cyanide m-chlorophenyl hydrazone (CCCP). The arrows indicate the light turning on and off. The amplitudes of light-induced pH 
changes were normalized for retinal protein content in the samples. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 8. Absorption spectra of the recombinant XR (A), the Hy9 variant (B) and the Hy81 variant (C) obtained from the carotenoid-producing E. coli cells. Samples 
were in the complex buffer, pH 8.0.
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indicating the presence of a bound carotenoid. Consequently, their 
spectra resembled those of the same proteins obtained from the strain 
without carotenoid production (Fig. S8A, B). Notably, the cells co- 
expressing these variants and carotenoids demonstrated a character
istic red color that was different from the color of the cells without 
carotenoid production (Fig. S8C).

To confirm the role of the DE loop in carotenoid binding by XR, we 
replaced this sequence in the Hy8 variant with the corresponding loop 
from XR. The spectrum of the Hy81 hybrid obtained from the 
carotenoid-producing strain demonstrated the presence of characteristic 
bands (Fig. 8C), indicating a carotenoid-bound state similar to that of 
the recombinant XR. However, judging by the lower ratio of absorption 
at 485 nm to that at the retinal absorption maximum (1.42 vs ~2 in XR), 
the carotenoid content in Hy81 was lower than in XR (Fig. 8A).

4. Discussion

Solubilization in detergent micelles is the most commonly used 
approach to isolate target membrane proteins from surrounding lipids 
and other proteins, allowing for the study of their structure and prop
erties. Several mild detergents are available that do not affect the 
functional state of the proteins [38,39]. However, the stability of certain 
proteins in micelles may be compromised, presumably due to the 
absence of specific lipids and/or loss of structural integrity. Several 
examples of retinal proteins that rapidly lose their native conformation 
in solubilized form are known. In [40] the photobleaching of monomeric 
BR in octyl glucoside micelles was reported. Sensory rhodopsin I from 
H. salinarum [41] and a retinal protein FR from Flavobacteria [30] 
demonstrated extremely low stability after purification in detergent. We 
previously encountered a similar problem with recombinant XR pro
duced in E. coli cells and purified in DDM micelles [20], unlike XR ob
tained by solubilization of native cell membrane fragments from S. ruber 
which remained stable [42].

Site-directed mutagenesis, including mutations of single residues 
[43] or changes of the secondary structure elements [30] has been 
successfully utilized to enhance the thermal stability of retinal proteins. 
To explore factors affecting the stability of recombinant XR and to 
improve the properties of its mutant variants, we constructed hybrid 
proteins containing fragments from its close homolog, Gloeobacter 
rhodopsin (GR). We were inspired by the remarkable difference in 
thermal stability between recombinant XR and GR despite the high de
gree of sequence homology between the two proteins. Using this 
approach, we aimed to identify regions of the XR amino acid sequence 
associated with its reduced stability which could potentially be opti
mized in order to improve it.

Structural studies of GR have revealed several features that may 
contribute to its greater thermal stability. The GR molecule is charac
terized by denser packing on the extracellular side of the protein 
compared to XR which leads to a displacement of the transmembrane 
helices E and G towards the center of the alpha-helical bundle [15]. In 
particular, the interaction between Tyr249 and Glu166, along with the 
salt bridge between Glu166 and Arg174 may contribute to such prop
erties. As a result, the retinal binding pocket of GR apparently has a 
larger size than that of XR due to the inclusion of two tyrosine residues, 
Tyr119 and Tyr249. In XR, the homologous Tyr94 and Tyr232 are 
positioned at a greater distance from the retinal (Fig. 9). It is important 
to note that the GR structure was obtained in the absence of a carot
enoid. It demonstrates tighter packing compared to the XR structure, 
which includes SX [15]. To confirm this hypothesis, it would be neces
sary to compare the structures of carotenoid-free and carotenoid-bound 
forms of one rhodopsin, which are not currently available.

In the current study, we have demonstrated that several hybrid 
proteins containing the DE loop sequence from GR exhibit increased 
stability. Notably, the length of this loop is shorter in the GR molecule (4 
amino acid residues compared to 8 residues in XR, Fig. 1) and, as a 
result, the distance between Glu166 and Arg174 in GR is 2.89 Å, 

whereas in the XR molecule, the homologous Glu141 and Arg152 are 
separated by 4.8 Å. This distance exceeds 4 Å, which allows the for
mation of a salt bridge. The direct evidence for the effect of the DE loop 
displacement is the observed 10 ◦C increase in the melting point of the 
Hy22 hybrid compared to the Hy2 variant.

To further confirm the role of the DE loop in increasing the stability 
of XR mutants, we introduced an appropriate substitution in the XR 
amino acid sequence, resulting in the XR-L1 mutant. Since the melting 
point of the XR in carotenoid-free form could not be determined due to 
its low stability, only an indirect comparison of these proteins was 
feasible. Firstly, the spectrum of the XR-L1 is characterized by the 
absence of significant light scattering and an increase in absorption at 
380 nm, indicating the release of retinal as a result of the hydrolysis of 
the Schiff base. Secondly, it has been shown for several retinal proteins 
that the formation of a complex with a carotenoid enhances their ther
mal stability [14,44]. The measured melting point of the carotenoid- 
bound form of XR was 64 ◦C. For GR, the increase in melting point of 
the carotenoid-bound protein compared to the carotenoid-free form was 
approximately 7 ◦C (Table 2). Assuming a similar shift for XR, the 
melting point of its carotenoid-free form could be estimated to be around 
57 ◦C. Consequently, the addition of the DE loop from GR contributed to 
a 10 ◦C increase in the melting point of XR (to 67 ◦C), similar to the effect 
observed in the Hy2 hybrid. Of course, this estimate is approximate and 
should be validated by further studies.

It should be mentioned that the Hy10 variant, which includes the DE 
loop and the helix D from GR, did not show any significant changes in 
stability compared to XR. In contrast, the hybrid proteins Hy8 and Hy9, 
which contain the DE loop sequence from GR, demonstrated signifi
cantly higher stability (an increase in melting temperature of 10 and 
8 ◦C, respectively, compared to XR-L1). In addition to the increased 
thermal stability, the Hy8 variant is characterized by an accelerated 
photocycle and high efficiency of proton transport in E. coli cells. Given 
the highly conservative sequence of the helix C, the difference between 
the stable Hy8 variant and the unstable Hy10 is in the sequence of the 
cytoplasmic end of this helix and the CD loop (Fig. 1). We assume that 
these elements of the GR sequence also contribute to its increased sta
bility compared to XR.

The Hy9 hybrid protein demonstrated only a slight decrease in sta
bility compared to the Hy8 (Tm lower by 2 ◦C), however, the charac
teristic time constants of its photocycle were significantly larger 
(Table 2) and the efficiency of proton transport was lower (Fig. 7A). In 
order to assess the effect of the sequence differences between these two 
proteins on their photocycle rates, we constructed and characterized a 
modified Hy92 variant which contains, in addition to the helices D and 
E, the cytoplasmic part of the helix C and the loop between helices C and 
D from GR. The resulting protein demonstrated increased stability and a 
faster photocycle rate, even compared to Hy8.

In most cases, the photocycle kinetics of microbial proton pumps is 
determined by the rate of the Schiff base reprotonation during the M → 

Fig. 9. Structural comparison of GR and XR. Selected amino acid residues from 
D, E and G helices and all-trans retinal (Ret) are shown based on PDB entries 
6WND and 3DDL, respectively. Polar contacts inside the selection identified 
with PyMol are depicted as black dots.
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N transition and the subsequent return to the ground state (decay of N 
and O intermediates). To ensure fast reprotonation of the Schiff base in 
retinal proteins, 1) an efficient donor residue with an appropriate pKa 
should be present and 2) it should be positioned in an appropriate 
configuration (distance and environment) relative to the Schiff base. All 
the hybrid proteins studied contain a glutamate residue in the cyto
plasmic part of the helix C, which acts as a proton donor in XR and GR 
(Glu107/132). However, even in some of the relatively stable variants (i. 
e. Hy22 and Hy9), the final stages of the photocycle are decelerated 
(time constants τ4-τ6 are increased compared to XR, Table 2). In 
contrast, the Hy8 and Hy92 variants which contain the corresponding 
region of the helix C and the CD loop from GR demonstrated signifi
cantly increased photocycle rates.

Helix C in bacteriorhodopsin-related proton pumps contains both 
proton acceptor (Asp85 in BR) and donor (Asp96 in BR) residues and 
plays a crucial role in proton transfer reactions [45,46]. Reprotonation 
of the Schiff base is considered to occur as a result of proton transfer 
through the chain of interacting residues and bound water molecules in 
the cytoplasmic part of a protein rather than a simple act of proton 
migration from the donor [47]. Therefore, the overall structure of this 
protein region determines the resulting efficiency of the reprotonation 
process. The importance of the loop sequences for the folding, stability 
and functional activity of the retinal proton pumps has previously been 
reported for BR [48–50] and PR [51,52]. Specifically, conformational 
changes in the CD loop during the M → N transition have been observed 
in BR [53]. We can conclude that the configuration of the C–D region in 
GR is advantageous for the rapid transfer of protons to the Schiff base 
compared to XR. The introduction of the corresponding sequence into 
XR positively affects the rate of the M state decay and return to the 
ground state in hybrid variants. Undoubtedly, further studies are needed 
to elucidate the structural basis for the observed effects

The presence of an additional carotenoid antenna expands the range 
of absorbed light energy, ultimately increasing the efficiency of light 
energy captured by retinal proteins. It is therefore desirable to retain the 
ability to bind carotenoids in optimized hybrid proteins. We assessed the 
ability of the proteins Hy8, Hy9, and XR-L1 to bind carotenoids by co- 
expression in E. coli cells producing the corresponding enzymes. No 
bands indicating the presence of bound carotenoids were detected in the 
spectra of Hy8 and XR-L1. Although the spectrum of Hy9 displayed 
absorption maxima corresponding to carotenoids, their intensity was 
significantly lower than those of XR. Importantly, the restoration of the 
DE loop sequence from XR in the Hy81 variant resulted in carotenoid 
binding similar to that of the recombinant XR (Fig. 8). These findings 
may indicate changes in the carotenoid binding site in the studied hybrid 
proteins compared to the carotenoid-bound forms of XR or GR.

Residues located in the extracellular regions of helices E and F, 
specifically Leu148 from the DE loop, Gly156, Thr160, and Phe163 from 
helix E, are critical for binding the keto ring and the polyene chain of SX 
in the XR molecule [8]. There is no homologous residue corresponding 
to Leu148 in the DE loop sequence of GR [9], which binds native echi
nenone and other carotenoids. This absence may lead to changes in the 
configuration of the binding site. In addition, a more compact 
arrangement of alpha helices in this part of the GR molecule compared 
to XR may also play an important role. Modeling of the GR-SX complex 
has revealed that the distance between the ring groups of the carotenoid 
and retinal is greater in GR than in XR [15]. However, further studies are 
required to explain the observed effects.

In conclusion, this study demonstrates that optimization of the 
amino acid sequence of xanthorhodopsin from S. ruber based on its 
homology with stable Gloeobacter rhodopsin is an effective strategy to 
increase the stability of XR variants. We have constructed several hybrid 
XR variants that exhibit increased stability and improved efficiency of 
proton transport. Furthermore, we have identified specific regions of the 
protein sequence that can be modified to specifically alter its functional 
properties (i.e., photocycle rate and carotenoid binding). Further 
investigation will help to elucidate the observed effects and provide 

recommendations for sequence optimization of XR and homologous 
retinal proteins, aimed at improving their stability in purified form. The 
hybrid proteins exhibited different photocycle properties, such as the 
lifetime of the M intermediate, which could be beneficial in applications 
such as optogenetics.
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