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ABSTRACT: Exiguobacterium sibiricum rhodopsin (ESR) functions as a
light-driven proton pump utilizing Lys96 for proton uptake and
maintaining its activity over a wide pH range. Using a combination of
methodologies including the linear Poisson−Boltzmann equation and a
quantum mechanical/molecular mechanical approach with a polarizable
continuum model, we explore the microscopic mechanisms underlying
its pumping activity. Lys96, the primary proton uptake site, remains
deprotonated owing to the loss of solvation in the ESR protein
environment. Asp85, serving as a proton acceptor group for Lys96, does
not form a low-barrier H-bond with His57. Instead, deprotonated Asp85
forms a salt-bridge with protonated His57, and the proton is
predominantly located at the His57 moiety. Glu214, the only acidic
residue at the end of the H-bond network exhibits a pKa value of ∼6,
slightly elevated due to solvation loss. It seems likely that the H-bond network [Asp85···His57···H2O···Glu214] serves as a proton-
conducting pathway toward the protein bulk surface.

■ INTRODUCTION
The gene encoding Exiguobacterium sibiricum rhodopsin (ESR)
was discovered in the genome of Exiguobacterium sibiricum, a
Gram-positive eubacterium found in permafrost cores.1 ESR
functions a light-driven proton pump, using all-trans retinal
Schiff base as its chromophore, and exhibits its proton
pumping activity over a wide pH range of 4.5 to 8.5.2,3

Despite structural similarities with bacteriorhodopsin (BR), a
light-driven proton pump from the halophilic archaeon
Halobacterium salinarum, ESR exhibits notable differences in
its H-bond network. In BR, Asp85 is positioned near the
retinal Schiff base, serving as a proton acceptor.4,5 Similarly, the
crystal structure of ESR shows that Asp85 is also located near
the retinal Schiff base.6 However, as observed in the entire
proteorhodopsin family including proteorhodopsin and
xanthorhodopsin, ESR incorporates His57 into the H-bond
network with Asp85, forming an interaction with the retinal
Schiff base (Figure 1). This feature contrasts with archaeal BR
and Acetabularia rhodopsin, which lack this residue. While
Arg82 orients toward Asp85 and forming a H-bond network
with it via water molecules in the ground-state BR structure,7 it
orients away from the H-bond network of His57/Asp85 and
instead forms a salt-bridge with Glu130 in the ESR structure.6

On the extracellular side of BR, Glu194 and Glu204 form a
proton-sharing H-bond pair responsible for proton release
toward the extracellular bulk surface.8,9 However, these acidic
residues are absent in the amino-acid sequence of ESR
(e.g.,10). Structural comparison between the BR and ESR
indicates that Glu204 in BR corresponds structurally to

Glu214 in ESR, while Glu194 in BR is even structurally
absent in ESR (Figure 1). Although Glu130 is the acidic
residue nearest to Glu214 in ESR (6.0 Å), it does not form an
H-bond with Glu214.6 While a potential involvement of
Glu214 in proton release has been pointed out by Siletsky et
al.,11 details remain unclear.
A significant difference is also observed on the intracellular

side, where Asp96 functions as a proton uptake residue in
BR,12 yet is replaced by the basic residue Lys96 in ESR.
Remarkably, mutational studies suggested that Lys96 serves as
a proton uptake residue in ESR.13 Despite mutations of Lys96
to carboxylic residues not affecting ESR functionality, their
proton transfer mechanisms, including the rate-limiting step,
remain distinct from those in BR.14,15 These discrepancies in
the H-bond network raise fundamental questions regarding
how ESR compensates for the energetics of its proton-
pumping activity, given the absence of essential components
such as Asp96 for proton uptake and Glu194 and Glu204 for
proton release in BR.
In this study, we investigate the protonation states and

associated properties in ESR, using a combination of
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methodologies, including the linear Poisson−Boltzmann
equation and a quantum mechanical/molecular mechanical
approach (QM/MM) with a polarizable continuum model
(PCM).

■ METHODS
Initial Geometry. For ESR, the atomic coordinates were

obtained from the X-ray structure of ESR monomer unit “A”
(PDB code, 4HYJ) corresponding to ESR conformations “2” in
ref6 unless otherwise specified. For BR, the atomic coordinates
were obtained from the X-ray structure of the ground state
(PDB code, 5J7A).7 During the optimization process for
hydrogen atom positions using CHARMM,16 all heavy atom
positions were kept fixed, and all titratable groups (e.g., acidic
and basic groups) were ionized and the retinal Schiff base was
protonated. Atomic partial charges for amino acids and the
protonated retinal Schiff base were obtained from the
CHARMM22 parameter set.17

Protonation Pattern and pKa. The protonation pattern
of the titratable residues was calculated by solving the linear
Poisson−Boltzmann equation using the MEAD program.18 All
computations were performed at 300 K, pH 7.0, and an ionic
strength of 100 mM. For pKa calculations, crystal water
molecules were removed, while implicit consideration of water
molecules was implemented using a dielectric constant of 80.
To determine the pKa values of titratable sites in the protein,
the calculated pKa difference between the protein site and the
reference system was added to the known reference pKa value.
The experimentally measured pKa values used as references
were 12.0 for Arg, 4.0 for Asp, 9.5 for Cys, 4.4 for Glu, 10.4 for
Lys, 9.6 for Tyr,19 and 7.0 and 6.6 for the Nε and Nδ sites of
His, respectively.20−22 Protonation patterns were sampled
using a Monte Carlo method with Karlsberg.23 The linear
Poisson−Boltzmann equation was solved through a three-step

grid-focusing procedure at resolutions of 2.5 Å, 1.0 Å, and 0.3
Å. Monte Carlo sampling provided the probabilities ([proto-
nated] and [deprotonated]) for the two protonation states.
The pKa value was evaluated using the Henderson−
Hasselbalch equation. A bias potential was applied to equalize
both protonation states ([protonated] = [deprotonated]),
yielding the pKa value as the resulting bias potential. During
titration of the focusing residue for pKa, all other titratable sites
were fully equilibrated to the protonation state of the focusing
site.
QM/MM Calculations for Geometry Optimization.

Geometry optimization was performed using a QM/MM
approach. The restricted density functional theory (DFT)
method was employed with the B3LYP functional and
LACVP* basis sets using the QSite24 program. To model
the H57M mutant structure of ESR, the histidine side-chain
was replaced with methionine, and the QM region was defined
as side-chains of Met57, Asp85, and Thr89, and a water
molecule at the Schiff base moiety (H2O-402). To investigate
the H-bond network of Lys96, the QM region was defined to
include the side-chain of Lys96, the backbone groups of Ala47,
Ala48, Lys225, and Val226, and water molecules at the Schiff
base moiety (H2O-502 and 503). For absorption-energy
calculations, the QM region was defined as the retinal Schiff
base (including the Lys225 side-chain), as previously used for
13 microbial rhodopsins.25 All other protein components and
water molecules involved in the H-bond network of the retinal
Schiff base (H2O-402, and H2O-406) in the ESR crystal
structure were included in the MM region. Atomic coordinates
were fully relaxed in the QM region, and the protonation
pattern of titratable residues was considered in the atomic
partial charges of the corresponding MM region. In the MM
region, the positions of H atoms were optimized using the

Figure 1. Proton transfer pathways of ESR and BR. (a) ESR. (b) BR. Blue arrows indicate directions of proton transfer. Numbers in brackets
denote the sequence of events during proton transfer. In ESR, Lys96 is initially deprotonated and gains a proton before reprotonation of the retinal
Schiff base. In contrast, in BR, reprotonation of the retinal Schiff base precedes reprotonation of Asp96 from the bulk. Notably, proton release
toward the bulk occurs at the end of the photocycle in ESR, whereas it occurs at the beginning, during the M to N transition, in BR.
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OPLS2005 force field,26 while the positions of heavy atoms
were kept fixed.
For the analysis of the potential-energy profile for the H-

bond between His57 and Asp85, the QM region was defined as
the retinal Schiff base (including the Lys225 side-chain), side-
chains of His57, Arg82, Asp85, Trp86, Thr89, Asp221, and
Glu214, and water molecules at the Schiff base moiety (H2O-
402, 403, 406, and 407). All other protein components and
water molecules in the ESR crystal structure were included in
the MM region. See the Supporting Information for the atomic
coordinates of the QM/MM-optimized structures.
QM/MM Calculations for Absorption Energy. The

absorption energy of microbial rhodopsins, including helio-
rhodopsin,27 exhibits a strong correlation with the energy gap
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO)
(EHOMO−LUMO), or the lowest excitation energy of the retinal
Schiff base, which can be calculated using time-dependent
(TD) DFT (ETD‑DFT).

25 This approach explicitly incorporates
the electrostatic and steric effects induced by the protein
environment in the presence of bulk water, employing a
dielectric constant of 78 for the bulk region. To calculate the
absorption energy and corresponding wavelength of ESR,
EHOMO−LUMO and ETD‑DFT were initially calculated using a
QM/MM/PCM approach. Using eqs 1 and 2 derived for 13
microbial rhodopsins,25 the resulting EHOMO−LUMO and ETD‑DFT
values were converted to the absorption energies (Eabs in eV)
that could be compared with experimentally measured
absorption energy (with a coefficient of determination R2 =
0.995 and 0.920, respectively):

=E E1.360 1.018abs HOMO LUMO (1)

=E E1.754 2.073abs TD DFT (2)

The corresponding absorption wavelength was then converted
from the resulting Eabs value.
The PCM method used polarization points with a radius of

2.8 Å from the center of each atom to describe potential water
molecules in the cavity. A radius of 2.8−3.0 Å from each atom
center and a dielectric constant value of ∼80 are considered
optimal to accurately reproduce the excitation energetics, as
assessed for the polarizable QM/MM/PCM approach.28 The
TD-DFT method with the B3LYP functional and 6-31G* basis
sets was employed using the GAMESS program.29

QM/MM Calculations for Potential-Energy Profile. To
analyze the potential energy profiles of the H-bond between
His57 and Asp85, the initial geometry was derived from the
QM/MM-optimized geometry. A focusing H atom was
incrementally moved along the N···H+···O bond by 0.05 Å.
After each displacement, the geometry was optimized while
keeping the N···H and H···O distances fixed, and the resulting
energy was calculated. This iterative procedure continued until
the H atom reached the proton donor N or acceptor O
moieties.

■ RESULTS AND DISCUSSION
His57 and Asp85. The protonation pattern, calculated by

solving the linear Poisson−Boltzmann equation, indicate that
His57 is doubly protonated (with protons at both Nδ and Nε
sites), while Asp85 is fully deprotonated at pH 7.0, forming a
salt-bridge (Table 1). Calculated pKa values are 9.6 for His57
and 0.1 for Asp85 (Table 1). The experimentally measured
values are pKa(His57) = 9 and pKa(Asp85) = 2.3 for ESR

solubilized in detergent (dodecyl maltoside),3 and pKa(His57)
= 6.5 for ESR in lipid.3,10,13 The calculated pKa(His57) value is
closer to the value measured in detergent than that in lipid,
which suggests that that the protein environment for His57 in
the ESR crystal structure may resemble the protein environ-
ment in detergent. Spectroscopic studies indicated a significant
increase in the pKa value of Asp85 to 6.3 upon the H57M
mutation.3 While the calculated pKa(Asp85) value of 4.6 in the
H57M structure is slightly lower than the experimentally
measured value of 6.3 in H57M mutant ESR (Table 1), the
significant increase observed upon the replacement of His57
with methionine in the present calculation is in line with the
experimental result, indicating that His57 decreases pKa(Asp)
in wild type ESR.
Although the possible existence of a low-barrier H-bond

between His57 and Asp85 was debated based on the H-bond
distance of 2.6 to 2.7 Å identified in the ESR crystal
structures,6 the shape of the potential energy curve for this
H-bond appears asymmetric (Figure 2), which is in contrast to
the symmetric shape observed in low-barrier H-bonds.30−33

Furthermore, the significant difference in pKa values between
these two residues is in contrast to nearly similar pKa values for
the H-bond donor and acceptor moieties required for a low-
barrier H-bond. As the calculated pKa difference (Table 1) is
substantially consistent with the experimentally measured pKa
difference,3 this conclusion is likely to remain unchanged even
if higher resolution structures are obtained.
Indeed, in cases where histidine participates in a low-barrier

H-bond, the H-bond distance is notably shorter, typically <2.5
Å (e.g., the D1-Tyr161 and D1-His190 pair34 and the D1-
His215 and quinone pair35 in photosystem II). These
observations indicate that the proton is predominantly
stabilized and localized at the His57 moiety rather than
being equally shared between the two residues. Therefore, the
H-bond between His57 and Asp85 can unambiguously be
explained as a standard H-bond (or a salt-bridge).
Lys96. In the ground-state ESR structure, Lys96 is fully

deprotonated, exhibiting a calculated pKa(Lys96) of 1.5 (Table
1), consistent with the proposed deprotonation of Lys96 based
on its location in the hydrophobic cavity of the crystal
structure.6 To understand the significant decrease in
pKa(Lys96) from its typical value of 10.4 in water

19 to 1.5 in
the protein environment of ESR, factors influencing
pKa(Lys96) in the ESR structure are investigated.
The loss of solvation (i.e., loss of bulk water) for titratable

residues in protein environments generally destabilizes their
charged states, favoring charge-neutral states, such as
deprotonated basic residues and protonated acidic residues.
In the ESR protein environment, the loss of solvation for Lys96
contributes most significantly to the decrease in pKa(Lys96) by
more than 11 units (Figure 3). Although electrostatic

Table 1. Calculated pKa Values and Protonation
Probabilities for Titratable Residues in Wild Type and
H57M mutant ESRsa

wild type H57M

pKa H+ probability pKa H+ probability

His57 9.6 1.00 − −
Asp85 0.1 0.00 4.6 0.00
Lys96 1.5 0.00 1.7 0.00
Glu214 5.6 0.04 8.7 0.98

a−: not applicable.
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interactions with residues like Ala232 (−1.4, mainly from the
backbone group), Ala47 (−0.8, mainly from the backbone
group), and the retinal Schiff base (−0.8) also contribute to
the decrease in pKa(Lys96), these effects are mostly counter-
acted by electrostatic interactions with other residues, such as
Thr43 (1.9) and Asp85 (0.8), Asp221 (0.8), and Phe228 (0.8,
mainly from the backbone group) (Table 2). Consequently,
the overall electrostatic interaction with the ESR protein
environment results in a modest increase in pKa(Lys96) by 2

units (Figure 3). Thus, the deprotonation of Lys96 is primarily
attributed to its reduced solvation in the protein environment
of ESR.
Despite the significant contribution of solvation loss (i.e.,

loss of bulk water) to the decrease in pKa(Lys96), the ESR
crystal structure reveals the presence of a water molecule
(H2O-503) adjacent to Lys96 (NLys96...Owater = 2.92 Å).6

Unlike bulk water molecules, which can adopt various
orientations, H2O-503 functions as a fixed dipole in the
small cavity, evident from its relatively low B-factor of 29.
Indeed, the present QM/MM calculation further demonstrates
that H2O-503 donates an H-bond to deprotonated Lys96
(Figure 4), contributing a decrease in pKa(Lys96), in contrast
to the role of bulk water molecules, which elevate pKa(Lys96)
to10.4.19

The calculated pKa(Lys96) value of 1.5 in the ground state is
significantly lower than the experimentally measured
pKa(Lys96) value of 8.5 in the M state.13 Although the M-
state structure has not been reported, the difference in
pKa(Lys96) implies that Lys96 becomes more exposed to the
bulk solvent in the M state than in the ground state, likely due
to light-induced structural changes.
The solvation-loss environment for Lys96 in the ground-

state ESR structure is distinct, even when compared with other
protein environments housing deprotonated lysine, such as the
catalytic deprotonated lysine (Lys115) in acetoacetate

Figure 2. H-bond network at the retinal Schiff base moiety. (a) Potential-energy profile for the H-bond between His57 and Asp85. (b) Overview of
the H-bond network in the ESR crystal structure. The QM region used for analysis is explicitly shown. Dotted lines indicate representative H-
bonds.

Figure 3. Factors influencing the shift in pKa for the proton uptake
site. (a) pKa(Lys96) in ESR. (b) pKa(Asp96) in BR.

Table 2. Residues Influencing the Shift in pKa(Lys96) More
than 0.5 pKa Units

decreasing pKa(Lys96) increasing pKa(Lys96)

Ala232 −1.4 Thr43 1.9
Ala47 −0.8 Asp85 0.8
retinal + Lys225 −0.8 Asp221 0.8
Leu99 −0.5 Phe228 0.8
Val46 −0.5 Ser42 0.7

Leu92 0.7
Val226 0.6
Leu93 0.6
Ala44 0.5
Leu230 0.5
Gly229 0.5
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decarboxylase (AADase).36,37 Both experimentally measured36

and calculated38 pKa(Lys115) values are 6, as indicated by the
packed protein environment for Lys115 in the AADase crystal
structure.39 The contribution of solvation loss to pKa(Lys115)
in AADase is 8 units, whereas for pKa(Lys96) in ESR, it
amounts to 11 units. The higher solvation accessibility for
Lys115 in the ground-state AADase structure likely arises from
its role as the catalytic site in the water-soluble enzyme,
facilitating substrate binding.
The replacement of Lys96 in ESR with Asp96 in BR, both

serving as proton uptake residues, is noteworthy. Comparisons
of factors influencing their pKa values may provide further
insight into their characteristics. In contrast to low pKa(Lys96)
in the ESR structure, the calculated pKa(Asp96) value in the
ground-state BR structure7 is significantly high, 15.1,40 as
suggested in spectroscopic studies (>1212). In BR, the high
pKa(Asp96) value is primarily influenced by the loss of
solvation in the protein environment, contributing to an
increase in pKa(Asp96) by 9 units (Figure 3). Thus, the upshift
in pKa(Asp96) in BR and the downshift in pKa(Lys96) in ESR
share a common origin: their hydrophobic protein environ-
ments stabilize their uncharged protonation states, leading to
deprotonated Lys96 in ESR and protonated Asp96 in BR.
The absorption wavelength calculated using the ESR

structure is 528 nm (excitation energy) and 531 nm
(HOMO−LUMO energy gap) with deprotonated Lys96, and
534 nm (excitation energy) and 541 nm (HOMO−LUMO
energy gap) with protonated Lys96 (Figure 5), which closely
approximate the experimentally measured absorption wave-
length of 531 nm.3 These results indicates that the protonation
state of Lys96 has minimal impact on the absorption
wavelength of ESR due to the long distance (>12 Å) between
Lys96 and the retinal Schiff base.
Previous theoretical studies suggest a strong correlation

between absorption energies and HOMO−LUMO energy
gaps among microbial rhodopsins.25,40 The present study
confirms that this correlation also holds true for ESR (Figure
5), which suggests that the absorption wavelength of ESR is
primarily determined by its HOMO−LUMO energy gap.
Glu214. In BR, Glu194 and Glu204 form an H-bond

(Figure 6b). The reported pKa values or protonation states in
BR indicates that one of the two glutamates is protonated, with
the proton shared between them.40−43 Notably, a similar pair
of glutamates, D1-Glu65 and D2-Glu312, share a proton and
serves as a terminal component in the proton-conducting

pathway originating from the substrate water molecules in
photosystem II (PSII)44,45 (Figure 6c). Drawing on this
analogy, protonation of acidic residues at the terminus region
of the proton-conducting pathway appears to be a common
feature. While the corresponding pair is not conserved in ESR,

Figure 4. QM/MM-optimized geometry for the H-bond network of
deprotonated Lys96. Dotted lines with numerical values indicate H-
bonds with distances in Å.

Figure 5. Absorption energies in microbial rhodopsins. (a)
Correlation between calculated HOMO−LUMO energy difference
(ΔEHOMO−LUMO) and experimentally measured absorption energy
(Eabs = 1.360 ΔEHOMO−LUMO − 1.018: coefficient of determination R2
= 0.99525). (b) Correlation between the lowest excitation energy
values (ETD‑DFT) calculated using the TD-DFT method and
experimentally measured absorption energy (Eabs = 1.754 ETD‑DFT −
2.073: R2 = 0.92025). Red and blue closed circles indicate ESR with
deprotonated and protonated Lys96, respectively. Black closed circles
represent other microbial rhodopsins investigated previously;25 ASR:
Anabaena sensory rhodopsin; BR: Halobacterium salinaru bacterio-
rhodopsin with all-trans retinal Schiff base; BR13‑cis: BR with 13-cis
retinal Schiff base; BRA215T: A215T mutant BR; BRM: M-state
intermediate of BR; BRD85S: D85S mutant BR; C1C2: channelrho-
dopsin-2 from Chlamydomonas reinhardtii; ClR: eubacterial chloride-
pumping rhodopsin; HR: archeal chloride-pumping halorhodopsin;
KR2: sodium pump rhodopsin from Krokinobacter eikastus; RxR:
Rubrobacter xylanophilus rhodopsin; SRII: sensory rhodopsin II.
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Glu214 occupies a position at the terminal region of the H-
bond network.
The present study indicates that Glu214 is partially

protonated at pH 7.0 with pKa(Glu214) of 5.6 (Table 1).
Although the exact pKa value for Glu214 has not been
reported, among all acidic residues in ESR, the calculated
pKa(Glu214) value is the closest to the pKa value of 6 for the
unidentified residue reported in spectroscopic studies by
Balashov et al.3 During pH titration, an increase in solvent
pH resulted in a blue shift of 3 nm associated with the pKa
value of 6 owing to deprotonation of the unidentified residue.3

Intriguingly, the calculated absorption wavelength is 3−4 nm
shorter in the presence of fully deprotonated Glu214 than in
the presence of fully protonated Glu214 (Table 3). The

substantially similar shift in the absorption wavelength upon
deprotonation of Glu214 suggests that Glu214 is a likely
candidate for the residue with the reported pKa value of 6.
While it was discussed in ref3 that the pKa value of 6 could
originate from partial protonation of Asp85, it seems possible
that this partial protonation may arise from interactions with
other ionizable groups, primarily His57, and possibly Glu214.
In contrast to Glu194 and Glu204 in BR, Glu214 is not

located on the protein bulk surface but is instead buried in the

protein interior, forming part of a cluster of ionizable and polar
side chains, including Arg82, Glu130, Arg213, Glu214, and
Gln210.6 Therefore, while the observed slight increase in
pKa(Glu214) is primarily attributed to the loss of solvation in
the protein environment (Figure 7), its impact on

pKa(Glu214) (= 6.2) is considerably smaller than on
pKa(Lys96) (=11.0, Figure 3). Given that an elevated pKa in
the terminal region of the proton-conducting pathway is
beneficial for generating the driving force for proton transfer
toward the protein bulk surface,44,49,50 the slightly high
pKa(Glu214) in ESR may indicate its potential role in serving
as a similar function to Glu194 and Glu204 in BR.

■ CONCLUSIONS
The calculated pKa values of 9.6 for His57 and 0.1 for Asp85
(Table 1) are consistent with experimentally measured values.3

Analysis of the potential-energy curve for the H-bond between

Figure 6. Comparison of H-bond networks for proton-exit pathways. (a) ESR (PDB code, 4HYJ).6 (b) BR (PDB code, 5J7A).7 (c) Water-splitting
enzyme, photosystem II (PSII) (PDB code, 3WU2).46 In PSII, the ligand water molecule W1 at the catalytic site Mn4CaO5 forms a low-barrier H-
bond with D1-Asp61, releasing the proton.47,48 Dotted lines indicate representative electrostatic interactions, including H-bonds.

Table 3. Calculated Absorption Wavelengths in Different
Protonation States of Glu214 (nm)

Glu214 wavelength

H+state H+probability excitation energy HOMO−LUMO
protonated 1.00 530 534
pH 7 0.04 528 531
deprotonated 0.00 528 531

Figure 7. Factors influencing the shift in pKa(Glu214) in ESR.
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His57 and Asp85 reveals an asymmetric shape, indicating the
formation of a standard H-bond rather than a low-barrier H-
bond (Figure 2). The significant difference in pKa values
(Table 1), suggesting the predominant localization of the
proton at the His57 moiety, further supports this observation.
The calculated pKa value for Lys96 is 1.5, and Lys96 is fully
deprotonated due to the loss of solvation in the protein
environment (Table 1). The absorption wavelength calculated
using the ESR crystal structure closely matches the
experimentally measured absorption wavelength,51 regardless
of the protonation state of Lys96. While spectroscopic studies
reported the presence of a residue with a pKa value of 6,

3 the
calculated pKa value of Glu214 at the terminus of the H-bond
network is the closest among all acidic residues in the ESR
crystal structure (Table 1). While the slight increase in
pKa(Glu214) is attributed not to electrostatic interaction with
adjacent acidic residues (e.g., Glu194/Glu204 in BR) but
rather to the loss of solvation in the ESR protein environment
(Figure 7), its slightly elevated pKa suggests its potential role in
the terminus region of the proton-conducting wire. These
characteristics of ESR may provide insights into its less pH-
sensitive proton-pumping activity compared to BR, which
operates effectively in a broad pH range.2,3
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