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ABSTRACT: Bacteriorhodopsin (BR) and halorhodopsin (HR) are well-known light-driven ion-pumping rhodopsins. BR transfers a proton from the
intracellular medium to the extracellular medium. HR takes in chloride ion from the extracellular medium. A new light-driven sodium ion-pumping
rhodopsin was discovered in 2013 by Inoue, Kandori, and co-workers (Nat. Commun. 2013, 4, 1678). The purpose of this article is to elucidate the
proton, sodium ion and chloride ion transfer mechanisms and the geometrical changes of the intermediates. The absorption maxima of three rhodopsins
were calculated by the SAC/SAC-CI method using the QM/MM optimized geometries. For BR, the SAC-CI results supported the previously proposed
proton-transfer mechanism; (1) the photoisomerization from all-trans to 13-cis retinal (K intermediate), (2) the relaxation of the retinal structure (L
intermediate), (3) the proton transfer from the Schiff base to the counterion residue (ASP8S) (M intermediate), (4) the proton transfer from the ASP96
to the Schiff base (N intermediate), and (S) the thermal isomerization from 13-cis to all-trans retinal (O intermediate). The proton releases to the
extracellular medium through the ASP96, the Schiff base, the ASP8S, and the GLU204 or GLU194 from the intracellular medium. Furthermore, it
clarified that the guanidine group rotation of ARG82 changes the excitation energies of the L and N intermediates, but the effect is small for the resting
state and the K, M, and O intermediates. The theoretical calculations suggested that the ARG82 rotation occurs in the N intermediate from the
comparison between the experimental absorption spectra and the theoretical excitation energies. For the KR2, the Kandori group proposed the sodium
ion transfer mechanism; (1) the photoisomerization from all-trans to 13-cis retinal (K intermediate), (2) the relaxation of the retinal structure (L
intermediate), (3) the proton transfer from the Schiff base to the counterion residue (ASP116) (M intermediate), (4) the sodium ion passes through the
cavity formed by the rotation of the counterion residue (ASP116) (O intermediate) and (5) the proton of the ASP116 reassociates to the Schiff base. The
steps (1) to (3) are the same as ones of BR. The SAC-CI results supported the proposed sodium ion transfer mechanism and suggested that the sodium
ion transfer proceeds in the O intermediate as follows; (1) the sodium ion connects with the Schiff base in the cavity formed by the ASP116 rotation, (2)
at the same time that the sodium ion passes through the Schiff base, the Schiff base forms the hydrogen bond to the proton of ASP116, and (3) at the
same time that the sodium ion transfers to the extracellular medium, the proton reassociates with the Schiff base from the ASP116. Furthermore, our
results indicated that the retinal is not all-trans but 13-cis when the sodium ion passes through the Schiff base in the O intermediate. For the HR, since the
counterion residue is replaced by the THR126, the proton dose not transfer from the Schiff base. Instead, the chloride ion transfers in the opposite
direction to the proton of BR and the sodium ion of KR2. The SAC-CI results supported the previously proposed chloride ion transfer mechanism; (1)
the photoisomerization from all-trans to 13-cis retinal (K intermediate), (2) the relaxation of the retinal structure (L intermediate), (3) the chloride ion
passes through the Schiff base from the extracellular medium side to the intracellular medium side (N intermediate) and (4) the chloride ion transfer from
the Schiff base to the intracellular medium and the thermal isomerization from 13-cis to all-trans retinal (O intermediate). Furthermore, our results
suggested that the Schiff base forms bonds to the hydroxide ion instead of the chloride ion in the O intermediate. The negative ion is necessary to keep
the total charge around the Schiff base in the O intermediate.

1. INTRODUCTION

Bacteriorhodopsin (BR)"” and halorhodopsin (HR)** that are
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the opposite direction to the BR. Furthermore, sensory
rhodopsins (SR)*® and channel rhodopsins (ChR)”® were
also discovered. The SR converts a light to a signal by binding to
transducer protein and the ChR functions as a light-gated ion
channel. In 2013, a sodium ion pumping rhodopsin (KR2:
Krokinobacter eikastus rhodopsin 2) was discovered by Inoue,
Kandori and others.” Since these light-driven rhodopsins are
found in Archaea, Bacteria, and Eukaryota, they are commonly
called microbial rhodopsins. It is common to the microbial
thodopsins that the functions are induced by the photo-
isomerization of the retinal chromophore from all-trans to 13-
cis.

Since these discoveries of BR and HR, the structures,
mechanisms and functions of microbial rhodopsins have been
studied by many researches.'°~** In BR, the photocycle and the
protonated state of retinal of each state are shown in Figure 1.
The excitation energies of the ground states of the resting state
and five intermediates (K, L, M, N, and O) are shown in
wavelength (nm) and energy (eV).”® The resting state has all-
trans retinal and its absorption maximum is observed at 568 nm
(2.18 eV). The photoexcitation leads the transition to the red-
shifted K intermediate (4,,,, = 610 nm) due to the isomerization
from all-trans to 13-cis retinal. No photon is needed in the
reaction after the K intermediate. The K intermediate changes to
the blue-shifted L intermediate (4,,, = 550 nm) by the
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Figure 1. Photocycle of bacteriorhodopsin (BR). The resting state and
the O intermediate have the all-trans retinal. The K, L, M, and N
intermediates have the 13-cis retinal. The Schift base deprotonates for
the M intermediate. The retinal changes to the 15-syn conformation in
the L intermediate and returns to the 15-anti conformation in the N
intermediate. Absorption maximum of each state is shown in
wavelength (nm) and energy (eV).”* Time scale is referred to ref 37.

relaxation of the twisted retinal in about 1 us. Next, the proton
transfers to aspartic acid (counterion residue; ASP85) from the
Schiff base. This proton transfer forms the M intermediate (4,
= 410 nm) with a large blue-shifted absorption of the retinal.
The N intermediate (4,,,, = S60 nm) is formed by two proton
transfers: one is the proton release to the extracellular medium
from the proton-releasing complex (GLU194 and GLU204),
and the other is the reprotonation to the Schiff base from the
proton donor ASP96. The proton-releasing complex and ASP96
are shown in Figure 2. The red-shifted O intermediate (A, =
640 nm) is formed by the proton transfer to ASP96 from the
intracellular medium and by the thermal isomerization to all-
trans retinal. Finally, the BR returns to the resting state by the
proton transfer from the ASP8S to the proton-releasing
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complex. The photocycle from the photoisomerization to the
M intermediate is fast due to the retinal structural relaxation and
the shot-range proton transfer. However, the processes after the
M intermediate are slow due to the long-range proton transfer
and the thermal isomerization of retinal.

In the sodium ion pumping rhodopsin (KR2), the photocycle
and the protonation state of retinal shown in Figure 3 are very
similar to those of BR. KR2 also has two aspartic acids (ASP116
and APSP251) shown in Figure 4 as in the case of BR. The
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Figure 2. Geometry and proton transfer process of bacteriorhodopsin
(BR) (PDB ID: 1C3W"”). Three-dimensional structure of BR is shown
as magenta. Carbon, hydrogen, oxygen and nitrogen atoms are shown
as cyan, gray, red and blue, respectively. ASP, GLU, and ARG represent
aspartic acid, glutamic acid, and arginine, respectively. Some water
molecules (HOH) around the Schiff base and ARG82 are also shown.
Orange circles represent the proton donor and acceptor sites. In the
right, the retinal and its surrounding structures are rotated and enlarged
from the configuration in the left. Red arrows represent the flow of
proton transfer. (1) Proton transfers to ASP8S from Schiff base of
retinal. (2) Proton releases to the extracellular from GLU194 or
GLU204. (3) Proton transfers to Schiff base from ASP96. (4) Proton
transfers to ASP96 from the intracellular. (5) Proton transfers to
GLU194 or GLU204 from ASP8S5.

retinal changes into the 13-cis from the all-trans by the
photoexcitation in the K intermediate and then the proton
transfers to the counterion residue (ASP116; ASP8S in BR) in
the M intermediate. However, in the M intermediate, the
sodium ion cannot pass through the Schiff base due to the steric
effect between the protonated ASP116 and the sodium ion.
Therefore, Kandori group suggested the sodium ion transport
mechanism;”**** the sodium ion transport pathway is produced
due to the rotation of the protonated ASP116 that forms the
hydrogen-bond to the ASN112. We call it the R intermediate in
this article. The proton of the ASP116 reassociates with the
Schiff base in the O intermediate after the sodium ion passes
through the Schiff base. Recently, this mechanism was supported
by the computational study by Suomivuori et al.”® Furthermore,
many researches were performed in order to elucidate the
photocycle in the KR2.%’7%% However, in KR2, the structures,
transfer processes and functions are not resolved especially in
the O intermediate. We considered the possibility of both 13-cis
(Og) and all-trans (O,,,,) retinal in O intermediate in this
article.

In halorhodopsin (HR), which is a chloride ion pumping
rhodopsin discovered in 1970s,”* the photocycle is very similar
to that of the BR. However, the HR has no counterion residue,
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Figure 3. Photocycle and models of sodium ion pumping rhodopsin
(KR2). The resting state and the O, intermediate have the all-trans
retinal. The KL, M, R, and O, intermediates have the 13-cis retinal. In
the O and Oy, models, the proton and/or sodium ion exist near the
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Figure 4. Geometry of sodium ion transfer rhodopsin (KR2) (PDB ID:
3X3C**). The three-dimensional structure of KR2 is shown as magenta.
Carbon, hydrogen, oxygen, and nitrogen atoms are shown as cyan, gray,
red, and blue, respectively. ASP, ASN, and ARG represent aspartic acid,
asparagine, and arginine, respectively. Some water molecules (HOH)
around the Schiff base and ARG109 are shown. Red arrows represent
the flow of sodium ion transfer. Orange circles represent the sodium ion
binding site. In the right-hand figure, the retinal and its surrounding
structures are enlarged.

because the ASP85 in BR is replaced by the THR126 in HR.
Therefore, the proton transfer from the Schiff base to the
counterion residue does not occur. Namely, the M intermediate
is not produced in the photocycle of HR shown in Figure 5. In
the resting state, the chloride ion exists near the Schiff base. The
chloride ion is stable by the hydrogen-bonding interaction with
the ASP252, SER130, THRI126 as well as water molecules
shown in Figure 6.'® The photocycle of HR is considered as
following; (1) the photoisomerization changes the retinal
structure from the all-trans to 13-cis (K intermediate).'>*%*”
(2) The retinal structure is relaxed (L intermediate).”®*" (3)
The chloride ion moves from the extracellular medium side to
the intracellular medium side by passing through the Schiff base
(N intermediate).”” (4) The chloride ion moves to the
intracellular medium through the water passage of the N
intermediate before the O intermediate. (5) The all-trans retinal
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is formed by the thermal isomerization in the O intermediate.
(6) HR returns to the resting state by the uptake of chloride ion
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Figure 5. Photocycle of halorhodopsin (HR). The resting state and the
O intermediate have the all-trans retinal. The K, L, and N intermediates
have the 13-cis retinal. The retinal changes to the 15-syn conformation
in the L intermediate and returns to the 15-anti conformation in the N
intermediate.

o—

from the extracellular medium. Only one water molecule exists
in the intracellular medium side of retinal in the resting state as
shown in Figure 7a. However, many water molecules exist
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Figure 6. Geometry of halorhodopsin (HR) (PDB ID: 3A7K*®).
Three-dimensional structure of HR is shown as magenta. Carbon,
hydrogen, oxygen and nitrogen atoms are shown as cyan, gray, red and
blue, respectively. ASP, SER, THR, ARG, and CL represent aspartic
acid, serine, threonine, arginine, and chloride ion, respectively. Some
water molecules (HOH) around the Schiff base and ARG123 are also
shown. Red arrows represent the flow of chloride ion transfer. Orange
circles represent the chloride ion binding site. In the right-hand part, the
retinal and its surrounding structures are enlarged.

between the retinal and the intracellular medium as shown in
Figure 7b. These water molecules disappear in the O
intermediate as shown in Figure 7c. Therefore, the chloride
ion can move to the intracellular medium from the retinal in only
the N intermediate.

The rhodopsins are also included in the human retina. This
type is called animal rhodopsins that mainly work as G-protein-
coupled receptors. Animal rhodopsins are employed in visual
and nonvisual phototransductions, as photoisomerases and in
the maintenance of the circadian clock.*” The retinal in animal
rhodopsins isomerizes from 11-cis to all-trans by the photo-
excitation. This is the major difference between microbial and
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Figure 7. Geometries of the resting state (a), and the N (b) and O (c) intermediates of halorhodopsin (HR) (PDB ID: 3A7K,** 4QRY,*” and
3QBG*). Three-dimensional structures of HR are shown as magenta. Carbon, hydrogen, oxygen, and nitrogen atoms are shown as cyan, gray, red, and
blue, respectively. Light blue circle represent the retinal and its surrounding structures. Orange circles represent the water molecules around the retinal.

animal rhodopsins. A lot of research of microbial and animal
rhodg)7psins was summarized in the review by Ernst and Kandori
et al.

Previously, we calculated the electronic structures of retinal
and the interactions between the retinal and the opsin in four
human visual pigments by using the symmetry adapted cluster-
configuration interaction (SAC-CI) method®' ~** and clarified
that the color-tuning is regulated by amino acids at specific
positions as well as structural distortion of the retinal
chromophore.”*™* The SAC/SAC-CI theory was established
for the ground and excited states of molecules” ~** and has been
applied to the world of the photochemistry and photo-
biology.** ™%

The SAC-CI method have successfully assigned the whole
spectra of the photosynthetic reaction center (PSRC) of
Rhodopseudomonas viridis and elucidated the mechanism of
the electron transfer in the PSRC,>>™®' the excitation and
emission of green fluorescent proteins,”> the color-tuning
mechanism of human vision,”~* the firefly luminescence
mechanism,®* the artificial color-tuning of firefly by the
theoretical mutation® and the weak interactions of the
double-helical structures of DNA and RNA.°"%° Thus, the
SAC-CI method is a powerful technique for photobiology.
Recently, the time-dependent density functional theory (TD-
DFT)"%""* was used for the studies of the excited states.
However, its results strongly depend on the functionals
used.”>”’® To obtain the valuable information from the
theoretical calculations, the accurate and reliable excited-state
theory is necessary for the understanding of experiments. The
SAC/SAC-CI method satisfies these requirements.

In this article, to clarify the ion-pumping mechanism of BR,
KR2 and HR explained above, we have theoretically calculated
the excited states of intermediates in the photocycle by the
SAC/SAC-CI method. In BR, since the ARG82 around the
Schiff base is surrounded by water molecules, the guanidine
group (=C—(NH,),") can easily rotate. This rotation largely
affects the excitation energy of BR by the change of the distance
between the positive charge of ARG82 and the Schiff base.
Therefore, we have also confirmed the relation between the
excitation energies and geometrical changes around the Schiff
base in each intermediate by the ARG82 rotation. In KR2, we

2,
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calculated two models (O, and Oyy,y,) to confirm whether the
retinal is 13-cis or all-trans in the O intermediate where the
sodium ion passes through the retinal Schiff base. In HR, since
HR does not include a chloride ion inside the protein in the O
intermediate, the total charge around the Schiff base is different
between the O intermediate and other models. Therefore, we
also calculated another two models for the O intermediate. One
is the ARGI123 rotation model; the guanidine group of the
ARG123 rotates about 180 deg from the position of the X-ray
crystallographic structure. The guanidine group rotation may
change the excitation energy as explained in the section of BR.
The other is the hydroxide ion model; the Schiff base forms the
hydrogen bond to the HOHS03 that is not water (H,0O) but
hydroxide ion (OH™). The hydroxide ion model keeps the total
charge between the O intermediate and the other models. As
explained below, in BR, the SAC-CI results showed that the
ARGS82 rotation has a large effect on the excitation energy for
only the L and N in BR. In KR2, the SAC-CI results supported
the sodium ion transfer mechanism proposed by Kandori group
and suggested that the retinal is not all-trans but 13-cis when the
sodium ion passes through the Schiff base. In HR, the SAC-CI
results suggested that the HOHS03 becomes hydroxide ion in
the O intermediate. The single strong peaks are observed in the
experimental absorption spectra of three rhodopsins. The
wavelengths (excitation energies) of the peaks change during
the photocycle of rhodopsin. The main configurations of all
peaks are the excitation from the HOMO (x orbital) to LUMO
(z* orbital) with a strong oscillator strength. Therefore, we
discuss the relation between the excitation energy of the
HOMO-LUMO excitation and the geometry in each model of
three rhodopsins in this article.

2. MODELING

2.1. Bacteriorhodopsin (BR). We showed the geometry
and proton transfer process of the resting state of BR using the
X-ray crystallographic structure (PDB ID:1C3W) in Figure 2.
ASP, GLU and ARG represent aspartic acid, glutamic acid and
arginine, respectively. Some water molecules (HOH) around
the Schiff base and ARG82 are shown. Proton transfers in
following five processes. (1) Proton transfers to ASP85 from
Schiff base of retinal. (2) Proton releases to the extracellular
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medium from GLU194 or GLU204. (3) Proton transfers to
Schiff base from ASP96. (4) Proton transfers to ASP96 from the
intracellular medium. (5) Proton transfers to GLU194 or
GLU204 from ASP8S. Thus, a proton transfers from the
intracellular medium through ASP96, retinal Schiff base, ASP8S,
and GLU204 (or GLU194) to the extracellular medium. There
are two aspartic acids (ASP85 and ASP212) around the retinal
Schiff base. However, the proton transfers not to the ASP212 but
to the ASP8S5 from the Schiff base. In the proton-releasing
complex, there are two protonated sites of the GLU204 and
GLU194. Either the GLU194 or the GLU204 receives the
proton from the ASP8S and releases it to the extracellular
medium. Both protonated sites are close to the extracellular
medium and are situated to be about 13.5 A from the Schiff base.
Since the difference between two protonated states has little
effect on the electronic states of the retinal Schiff base, we
assumed that the GLU204 is the protonated site of the proton-
releasing complex in this study.

We constructed initial geometries of the resting state and five
intermediates (K, L, M, N, and O) based on the X-ray
crystallographic structures.””~®' Table 1 summarizes the protein
data bank ID used in this article and the protonated states of
three amino acids and the Schiff base.

The retinal Schiff base is protonated except for the M
intermediate. In the resting state, the carboxylic acid is
protonated for the ASP96 and GLU204 but deprotonated for
the ASP85. The K and L intermediates have the same
protonated sites as the resting state, because the proton transfer
dose not occur in these structural changes. In the M
intermediate, the protonated ASP8S and deprotonated Schiff
base are generated by the proton transfer from the Schiff base to
the ASP8S. The N intermediate is generated by two proton
transfers from the ASP96 to the Schiff base and from the
GLU204 to the extracellular medium. Therefore, in the N
intermediate, the Schiff base and the ASP8S are protonated but
the ASP96 and GLU204 are deprotonated. In the O

Table 1. Protein Data Bank ID and Protonated Sites of Each
Model of Bacteriorhodopsin

model PDBID  ASP96/  Schiffbase/ ASP8S/  GLU204"
resting 1C3W* O (@) X @)
K IMOK® e} e} X e)
L 100A€ o) o) X )
M 1P8HY e} X O @)
N 1PsU“ X e} e} X
o 3VHZ® e) o) o) X

“Reference 77. UReference 78. “Reference 79. “Reference 80.
“Reference 81.70 and x represent “protonated” and “deprotonated”,
respectively.

intermediate, the ASP96 receives the proton from the
intracellular medium. Finally, the BR returns to the resting
state by the proton transfer from the ASP8S to the GLU204.
The protonated guanidine group (—C—(NH,),") of the
ARGS2 can easily rotate due to the existence of water molecules
as shown in Figure 2. Since the guanidine group of the ARG82 is
situated to be about 8 A from the Schiff base, the movement of
the guanidine group with a positive charge affects the electronic
states of retinal. Therefore, we calculated two models: one is the
X-ray model taken from the X-ray crystallographic structure and
the other is the rotation model in which the guanidine group of
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the ARG82 rotates about 180 deg from the position of the X-ray
crystallographic structure.

2.2, Sodium lon Pumping Rhodopsin (KR2). We showed
the geometry of KR2 in Figure 4. We calculated the resting state
as well as the K, M, R, and O intermediates of KR2. The X-ray
crystallographic structures (PDB ID: 3X3C)** was used for the
initial geometry of the resting state of KR2. For the intermediate
states (K, M, R, O) of KR2, we could not find the X-ray
crystallographic structures. Therefore, referring to the optimized
geometry of BR, the initial geometry of each intermediate was
constructed by inserting the retinal structure of each
intermediate into the QM/MM optimized geometry of the
previous state of KR2. Just like with BR, the ARG109 rotation
may increase the SAC-CI excitation energy as noted below.
However, we did not consider the ARG109 rotation, because the
excitation energies of KR2 were calculated to be higher than the
experimental values in the SAC-CI calculations without the
ARG rotation.

The first intermediate was obtained by the QM/MM
geometry optimization of the K model whose initial geometry
was composed of the retinal of the K intermediate of BR and the
opsin of the resting state of KR2. the obtained retinal geometry is
close to that of the K intermediate of BR. However, the SAC-CI
value (2.29 eV) is closer to the experimental value (2.45 eV) of
the L intermediate than that (2.05 eV) of the K intermediate.
Therefore, we call it a KL model in this article. In the M model,
the proton of the Schiff base moves to the ASP116. In the R
model, the protonated ASP116 forms the hydrogen-bond to the
ASN112 by the rotation of the carboxyl group of ASP116.

The sodium ion passes through the Schiff base in the O
intermediate. First, the sodium ion bonds with the Schiff base.
Second, the sodium ion passes through the Schiff base and
moves to near the ASP251. Third, the ASP116 rotates and forms
the hydrogen-bond to the Schiff base. Fourth, the proton moves
to the Schiff base from the ASP116. The sodium ion transfers to
the extracellular medium in the steps 3 or 4. When the sodium
ion passes through the Schiff base, there are two possibilities that
the retinal remains the 13-cis or isomerizes to the all-trans.
Therefore, to elucidate the sodium ion transfer mechanism, we
calculated the following models.

In the OO0, model, the Schiff base bonds with the sodium ion
that is transferred from the intracellular medium. After the
sodium ion moved to near the ASP251, the protonated ASP116
still forms the hydrogen-bond to the ASN112 in the O1 model.
In the O2 model, the protonated ASP116 forms the hydrogen-
bond to the Schiff base. In the O3 model, the proton reassociates
with the Schiff base from the ASP116 but the sodium ion exists
near the ASP251. In the O4 model, the sodium ion is released to
the extracellular medium. For the models O1 to O4, we prepared
two models of the 13-cis (O, model) and all-trans (O
model) retinal. The 04/, model is similar to the O4,,,,, model,
but the O2,,, model is used as the initial geometry of the
04/, model because the ASN112 rotates in the O3,,,,, model.
Therefore, we calculated ten models for the O intermediate. The
positions of the sodium ion and the proton in each model are
summarized in Table 2. From these calculations, we can
elucidate the geometries in the O intermediate: whether the
retinal is all-trans or 13-cis, whether or not the sodium ion bonds
with the Schiff base and whether or not the proton reassociates
with the Schiff base from the ASP116.

2.3. Halorhodopsin (HR). The geometry of HR is shown in
Figure 6. BR has two aspartic acids around the Schiff base, but
one aspartic acid of the counterion residue replaces to the
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threonine for HR (THR126 in HR; ASP8S in BR). Therefore,
the Schiff base is not deprotonated during the photocycle in HR.
Instead, the chloride ion transfers to the intracellular medium
from the extracellular medium. This is the opposite direction to
the proton transfer in BR and the sodium ion transfer in KR2. In

Table 2. Positions of Sodium Ion and Proton in the O
Intermediate Model of KR2

model Nat ¢ H*Y
004, @) ASP116
Ol (@) ASP116
02 O ASP116
O34 O schiff base
O4is X schiff base
OlLirans O ASP116
O2rans (@) ASP116
O3Btrans O schiff base
O4irans X schiff base
o4/ X schiff base

trans
“0O and X represent that Na" is included in the model or not,
respectively. bSchiff base and ASP116 represent that H* bonds with
the Schiff base and ASP116, respectively.

the resting state, the chloride ion (CL) is stable due to the
hydrogen bonds by the Schiff base, SER130, THR126 and water
molecules.

We calculated the resting state and the K, N and O
intermediates of HR. The X-ray crystallographic structures
(PDB ID: 3A7K,** 4QRY,*” 3QBG®’) was used for the initial
geometry of the resting, N and O states. However, we could not
find the X-ray crystallographic structure of the K intermediate.
Therefore, referring to the optimized geometry of BR, the initial
geometry was constructed by inserting the K intermediate
retinal structure of BR into the QM/MM optimized geometry of
the resting state of HR. For the K intermediate model, since the
twisted structure around the retinal Schiff base was relaxed by
the QM/MM optimization, the obtained retinal structure was
close to the L intermediate of BR. Therefore, we call it a KL
model in this article. For the KL model, we also calculated the
KL,,g model in which the guanidine group of ARG123 rotates
from that of the KL model. In the initial geometry of the N
model, the chloride ion forms the hydrogen bond to the
hydroxyl group of SER130 in the intracellular medium side of
the Schiff base. For the O intermediate, we calculated three
models of Og,y Oy and Ogy. In the Og,, model, the initial
geometry is taken from the X-ray crystallographic structure. In
the Oy, model, the guanidine group of ARG123 rotates from
the configuration of the Og,, model. In the Ogy model, the
HOHS03 that forms the hydrogen bond to the Schiff base
becomes the hydroxide ion. The Oy model has the negative ion
instead of the chloride ion, but the O,, and O, models have no
negative ion instead of the chloride ion around the Schiff base.

3. COMPUTATIONAL DETAILS

In BR, the initial geometries were taken from the X-ray
crystallographic structures listed in Table 1. In the KR2, the
initial geometry of the resting state was taken from the X-ray
crystallographic structures (PDB ID: 3X3C**). For the KL
model of KR2, the initial geometry was constructed by inserting
the retinal structure of the K intermediate of BR into the QM/
MM optimized geometry of the resting state of KR2. For other
models, the QM/MM optimized geometry of the previous
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intermediate was used as an initial geometry except for the
proton of the Schiff base, sodium ion and the rotation of
ASP116. In the HR, the initial geometry of the resting, N and O
states are taken from the X-ray crystallographic structures (PDB
ID: 3A7K,* 4QRY,*” 3QBG™). The initial geometry of the KL
model of HR is constructed by inserting the K intermediate
retinal structure of BR into the QM/MM optimized geometry of
the resting state of HR just as in the case of the KR2.

The hydrogen atoms were attached to amino acids and water
molecules by the TINKER software”* using the AMBER99 force
field®> and to retinal by GaussView.*® The geometry
optimization of the whole protein was carried out using the
QM/MM method.”™* The QM region includes the whole
retinal chromophore with the side chain of LYS216 in BR
(LYS255 in KR2 and LYS256 in HR) and the other atoms are
included in the MM region. In the geometry optimized
calculations, the density functional theory”” with the B3LYP
functional®®®” was employed using the double-{ plus polar-
ization basis sets (6-31G(d))” for the QM region, and the
AMBER99 force field®® was used as a point charge for the MM
region. The electrostatic potential of the MM region affects the
retinal chromophore. All optimized geometries are given in PDB
format in Supporting Information. Visual molecular dynamics
(VMD)”" is used for the visualization of the X-ray crystallo-
graphic structures and the optimized geometries.

The SAC-CI calculations were performed using the structures
obtained by the QM/MM geometry optimized calculations in
the Gaussian suite of program.”” In the SAC-CI calculations, the
QM region included the retinal chromophore, some amino acids
and some water molecules that form the hydrogen-bonding
network; ASP85, ASP212, and three water molecules in BR,
ASP116, ASP251, ASN112, and one water molecule in KR2,
ASP252, SER130, and two or three water molecules in HR. The
sodium ion was included in the O models of KR2, and the
chloride ion was included in the G, KL and N models of HR.
Other amino acids (including the ARG82 in BR, ARG109 in
KR2 ARG123 in HR) and other water molecules were included
in the MM region. The double-{ plus polarization basis sets
(D95(d,p))”* were used for the retinal 7-conjugation system,
the N and H atoms of the Schiff base, the chloride ion, the O and
C atoms of the carboxylate groups of aspartic acid, and the water
molecules. For the sodium ion, the double-{ plus polarization
basis sets were used.”* Furthermore, a single p-type anion
function (a = 0.059)”* was augmented on the O atoms of the
ASP8S and ASP212. For the other atoms, the double- basis sets
(D95)” were used. In the SAC-CI calculations, all single and
selected double excitations were included. Perturbation
selection”® was carried out with the threshold sets of Level Two.
The core orbitals and the virtual orbitals whose energies were
more than 3.0 au were treated as frozen core.

4. GEOMETRY AND PHOTOCYCLE OF
BACTERIORHODOPSIN (BR)

4.1. Excitation Energy. The single strong absorption peaks
are observed in the experimental spectra and the peak positions
change during the photocycle of rhodopsin. The peaks
correspond to the lowest excited state from the HOMO (x
orbital) to LUMO (7* orbital) with a strong oscillator strength.
All excitation energies in this article indicate the HOMO-
LUMO excitation.

The SAC-CI excitation energies of the X-ray and rotation
models of BR are compared with the experimental values in
Table 3. The retinal has the  ionone ring (left) and the Schiff
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base (right) as shown in Figure 8a. Since the HOMO and
LUMO are localized to the /3 ionone ring and the Schiff base,
respectively, as shown in Figures 8, parts b and c, the excitation is
the intramolecular electron transfer from the f# ionone ring to
the Schiff base. Therefore, the excitation energies of retinal of BR
are affected by the electrostatic potential (ESP) change due to
the rotation of the guanidine group of the ARG82.

For the X-ray models, the SAC-CI excitation energies were
calculated to be lower than the experimental values except for
the M intermediate model with the deprotonated Schiff base in
the computational condition used in this article. Therefore, the
deviations of the SAC-CI values from the experimental values

Table 3. Excitation Energies of Bacteriorhodopsin (BR) (eV)

SAC-CI A

state X-ray rotation exptl” X-ray rotation
resting 2.11 2.15 2.18 —0.07 —0.03
K 1.78 1.78 2.03 -0.25 —0.25
L 2.05 2.27 2.25 —0.20 +0.02
M 3.14 3.18 3.02 +0.12 +0.16
N 179 2.01 221 -0.42 —0.20
(¢} 1.69 1.70 1.94 —0.25 —0.24

“Reference 23.

(a) Retinal
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Figure 8. (a) Chemical formula of retinal. (b) LUMO and (c) HOMO
of resting state of bacteriorhodopsin (BR).

may have relation to the protonation of the Schiff base. The
SAC-CI values agreed with the experimental values within 0.25
eV except for the N intermediate model. However, for the N
model, the excitation energy came to close to the experimental
value by the rotation of the guanidine group. Therefore, for the
N intermediate, the direction of the guanidine group may be
different from that of the X-ray crystallographic structure under
the measurement of the experimental absorption spectra.

In the rotation model, since the guanidine group moves away
from the retinal Schiff base, its excitation energy becomes higher
than that of the X-ray model. In particular, for the L and N
models, the guanidine group rotation changes the excitation
energy higher by about 0.2 eV. However, for the resting and M
models, the excitation energy change is less than 0.1 eV. For the
K and O models, the excitation energy remains unchanged by
the guanidine group rotation. For the resting state and K, M, and

1772

O intermediates, the effect of the guanidine group rotation is
canceled by the rearrangement of the hydrogen-bonding
network around the Schiff base as explained below.

4.2. Resting State Model. In the X-ray model of the resting
state, the Schiff base forms the hydrogen bond to the HOH402
that forms the hydrogen bonds to the ASP8S and ASP212 as
shown in Figure 9a. The ASP8S is also bound with the ASP212
by the hydrogen bonds through HOH401 and HOHA406.
Furthermore, the ARG82 forms the hydrogen bonds to three
water molecules including the HOH406. Thus, the hydrogen-
bonding network is formed between the Schift base, ASP8S,
ASP212, and ARG82 through water molecules.

In the rotation model, the HOH403 rotates along with the
guanidine group of the ARG82 and moves to the position of the
HOH406 of the X-ray model as shown in Figure 9b. The ARG82
forms the hydrogen-bonding network with the ASP212 and
ASPS8S through the water molecules (HOH407, HOH403, and
HOH406). However, the HOH401 is out of the hydrogen-
bonding network. The guanidine group of ARG82 with a

(a) X-ray (b) Rotation

HOH402

™ HOH407
i1.82

HOH404 ARGS2

,»d{OH403
1.81
HOH404

Figure 9. Optimized geometries of X-ray (a) and rotation (b) models of
the resting state of BR.

positive charge is away from the Schiff base by 2.05 A (7.66 A to
9.71 A). However, the HOH403 and HOH407 come close to
the Schiff base by the rearrangement of the hydrogen-bonding
network and the hydrogen atoms of HOH403 turn toward the
Schiff base. Therefore, the excitation energy changes a little
between the X-ray and rotation models, because the effect of the
guanidine group rotation is canceled by the movement of two
water molecules, HOH403 and HOH407.

4.3. K Intermediate Model. For the K intermediate
models, the excitation energies are lower than those of the
resting state due to the structural distortion of the retinal by the
isomerization from the all-trans to the 13-cis. For the X-ray
model in Figure 10a, the K intermediate forms the hydrogen-
bonding network similar to that of the resting state. However,
the Schiff base has no hydrogen bond and the arrangement of the
HOHA401 and HOH406 are different between the resting and K
models.

In the rotation model, The ARGS82 is separated from the
hydrogen-bonding network formed by ASP8S, ASP212, and
three water molecules (HOH401, HOH402, and HOH406) as
shown in Figure 10b. The guanidine group is away from the
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Schiff base by 3.76 A due to the rotation. However, the HOH406
comes close to the Schiff base and the hydrogen atoms of
HOH401 and HOH406 turn toward the Schift base in the
rotation model. Therefore, the excitation energy remains
unchanged between the X-ray and rotation models due to the

(a) X-ray (b) Rotation

o 27
P 4’ Aspim

S HOH406
11.78
HOH407
i

169

HOH403 J’L%
A 78 /290
HOH404 HOH404

Figure 10. Optimized geometries of X-ray (a) and rotation (b) models
of the K intermediate of BR.

cancellation of two effects: (1) the distance between the
guanidine group and the Schiff base and (2) the directions and
the positions of the hydrogen atoms of HOH401 and HOH406.

4.4. L Intermediate Model. In the L intermediate model,
the distortion of retinal is reduced and the Schiff base forms the
hydrogen bond to the HOH402 again as shown in Figure 11a.
The direction of the hydrogen atom of the Schiff base seems to
be different from that of the study by Kouyama et. al.”® In the
study, the Schiff base forms the hydrogen-bond to the water
molecule that exists in the intracellular medium side of the Schiff
base. Therefore, the retinal has a 13-cis,15-anti conformation.
However, we could not find any water molecules that forms the
hydrogen-bond to the Schiff base in the intracellular medium
side of the X-ray crystallographic structure used in this study.
Therefore, the retinal has a 13-cis,15-syn conformation in the L
intermediate model. The arrangement of water molecules
(HOH401, HOH402, and HOH406) is similar to those of the
resting and K models.

In the rotation model shown in Figure 11b, there is no water
molecule that connects to the ARG82 with the ASP212 just like
the K rotation model. The HOH401 is away from the Schiff base
in the rotation model while keeping the hydrogen-bonding
network. The distance between the guanidine group and the
Schiff base increases from 7.31 to 10.94 A. However, since the
arrangement is similar between the X-ray and rotation models,
the cancellation by the rearrangement of water molecules does
not occur in the L model. Therefore, the excitation energy of the
rotation model is higher than that of the X-ray model by 0.22 eV
because of the guanidine group rotation.

4.5. M Intermediate Model. In the M intermediate models,
since the proton moves from the Schiff base to the ASP8S
through the HOH402, the excitation energy is higher than those
of other models. This is corresponding to the large blue-shifted
absorption observed in the experiment. In the X-ray model
shown in Figure 124, the hydrogen-bonding network around the
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Figure 11. Optimized geometries of X-ray (a) and rotation (b) models
of the L intermediate of BR.

Schiff base is similar to those of the resting and L models. The
13-cis, 15-syn retinal in the M model is different from the 13-cis,
15-anti conformation by the study of Kouyama et al.”” as in the
case of the L intermediate. The 15-syn/anti conformation may
change easily by the experimental condition.

In the rotation model shown in Figure 12b, the ARGS82 is
separated from the hydrogen-bonding network of ASPSS,
ASP212 and water molecules just like those of the K and L
models. For the M model, the guanidine group rotation does not
change the arrangement of the water molecules around the
Schiff base. This small geometrical change is different from those
of the resting and K models. Although the positive charge of the
guanidine group is away from the Schiff base by about 4 A, the

1811

(a) X-ray (b) Rotation
HOH402 Retinal HOH402 Retinal
ASP85 \ ASP8S5 \ %

HOH4
OH403 2.00

HOH404!1 2 HOH404 H 2.70

Figure 12. Optimized geometries of X-ray (a) and rotation (b) models
of the M intermediate of BR.

excitation energy change is small, because the electrostatic
potential (ESP) change at each atom of retinal is similar between
the X-ray and rotation models as described later.

4.6. N Intermediate Model. In the N intermediate, the
Schiff base receives the proton from the ASP96 on the
intracellular medium side, and there is no water molecule that
forms the hydrogen bond to the Schiff base in the extracellular
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medium side. Therefore, the Schiff base forms the hydrogen
bond to the water molecule in the intracellular medium side. In
the X-ray model shown in Figure 13a, four water molecules form
the hydrogen bonds to the guanidine group of the ARGS2.
However, in the rotation model, three of four water molecules
are away from the guanidine group and form the hydrogen
bonds to other amino acids.

In the rotation model shown in Figure 13b, the arrangements
of the HOH401 and HOH406 are different from those of the X-
ray model. The oxygen atom of the HOH401 turns to the Schiff
base by the guanidine group rotation. Therefore, the movements
of water molecules strengthen the effect of the guanidine group
rotation. As a result, the excitation energy of the rotation model
becomes higher than that of the X-ray model by 0.22 eV and
comes close to the experimental value due to two effects; the
guanidine group rotation and the HOH401 movement.

(a) X-ray (b) Rotation

HOH505
11.90

J HOHS505

11.89

Retinal Retinal

{1425

ASP85 “'. \\ASPZIZ

1.64 |
163 1161

10,07t HOH406  HOH401

HOH403, 1.78
), HOH403

Figure 13. Optimized geometries of X-ray (a) and rotation (b) models
of the N intermediate of BR.

4.7. O Intermediate Model. In the O intermediate, the
Schiff base forms the hydrogen bond to the ASP212 instead of
the water molecule (HOH602). In the X-ray model in Figure
14a, the HOH604 connects the ASP212 with the ARGS82
through the hydrogen bonds. However, there is no hydrogen
bond between the HOH603 and HOH604 unlike the resting, K,
L, and M models.

In the rotation model in Figure 14b, the HOH604 forms the
hydrogen bond to the HOH603 instead of the ARG82. The
guanidine group is separated from the hydrogen-bonding
network composed of ASP8S, ASP212, and three water
molecules (HOH602, HOH603, and HOH604). The geometry
of the rotation model is similar to those of the K, L, and M
models. The hydrogen atoms of the HOH602 and HOH603
turn to the Schiff base in the rotation model. Four water
molecules exist around the ARG82 in the X-ray model but are
away from the ARGS82 in the rotation model. This geometrical
change is similar to that of the N model. The excitation energy
remains unchanged by the cancellation of the guanidine group
rotation and the rearrangement of water molecules.

4.8. ARG82 Rotation Effect. The guanidine group rotation
of the ARGS82 affects the excitation energies of the L and N
models, but the effect is small for the resting, K, M and O
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Figure 14. Optimized geometries of X-ray (a) and rotation (b) models
of the O intermediate of BR.

models. The electrostatic potential (ESP) at each atom of retinal
are shown in Figure 15. The ESP difference between the X-ray
and rotation models is very small for the resting and the K
intermediate models (Figure 15, parts a and b). Therefore, the
excitation energy change between the X-ray and rotation models
is small for the resting state and K intermediate. However, the
ESP difference is large for the L, M, N, and O intermediates. The
ESP of the rotation models decreases from the X-ray models at
all atoms for the L and M intermediate models (Figures 15, parts
cand d), at the C9 to N{ for the N intermediate model (Figure
15e) and at the CS to C13 for the O intermediate model (Figure
15f). When the N{-to-CS difference in the ESP is large, the
excitation energy is large because the HOMO—LUMO gap
increases.”” For the L and N intermediate models, the excitation
energies increase by about 0.2 eV in the rotation model due to
the increase of the N{-to-CS difference in the ESP. However, for
the O intermediate model, the N{-to-CS3 difference in the ESP is
very small, because the ESP decreases at the C5 to C13 but
increases at the C14 to N{. Therefore, the excitation energy
remains unchanged. For the M intermediate, the ESP difference
at each atom is slightly large but the N{-to-CS difference in the
ESP is small. Therefore, the excitation energy change is small. As
a result, the excitation energy largely changes only for the L and
N intermediate models by the rotation of the guanidine group of
the ARGS82.

For the L and N intermediate models, the excitation energy of
the rotation model is closer to the experimental value than that
of the X-ray model. This shows a possibility that the guanidine
group rotates from the X-ray structure under the measurement
of the experimental absorption spectra. However, for the resting
state and K, M and O intermediate models, since the excitation
energy change is very small between the X-ray and rotation
models, it is difficult to say whether or not the guanidine group
rotates. If the guanidine group rotates only for the N
intermediate, the deviation from the experimental value is
within —0.25 to —0.20 eV for the K, L, N, and O intermediates
with the protonated Schiff base with 13-cis retinal. Therefore,
these data may suggest that the guanidine group rotates in only
the N intermediate.
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Figure 18. Electrostatic potential (ESP) at each atom of retinal in the X-ray and rotation models of the resting state (a) and K (b), L (c), M (d), N (e),
and O (f) intermediates. Blue and red represent the ESP of the X-ray and rotation models, respectively.

5. GEOMETRY AND PHOTOCYCLE OF SODIUM ION
PUMPING RHODOPSIN (KR2)

In Table 4, the SAC-CI excitation energies are compared with
the experimental values’ along with the distances between the
sodium ion or the hydrogen atom of the carboxyl group of
ASP116 and the nitrogen atom of the Schiff base. The optimized
geometries around the Schiff base of the resting state and
intermediate models are explained below.

5.1. Resting State Model. In the resting state, the proton of
the Schiff base forms the hydrogen bonds to the carboxyl group
of the ASP116 that forms the hydrogen bond to the ASN112 as
shown in Figure 16a. The water molecule (HOH959) connects
the ASN 112 with the ASP251 by the hydrogen bonds. Thus, the
hydrogen-bonding network is formed around the Schiff base of
retinal. The Schiff base directly connects to the ASP116 of the
counterion residue for the KR2. This is major different from BR
in which the Schiff base forms the hydrogen bond to the water
molecule (HOHA402 in Figure 9). The SAC-CI excitation energy
(2.49 eV) agreed with the experimental value (2.36 eV) within
0.13 eV for the resting state. In the computational condition
used in this article, the SAC-CI values seem to be slightly higher
than the experimental values as shown in Table 4.

5.2. KL Intermediate Model. In the KL model, the retinal
structure is close to the K intermediate model of bacterio-
rhodopsin (BR) by the QM/MM geometry optimization. The
retinal has a 13-cis,15-anti conformation due to the hydrogen
bond between the Schiff base and ASP116. In the experiment,
the blue-shifted L intermediate (2.45 V) as well as the red-
shifted K intermediate (2.05 eV) was observed; the difference
absorbance appears at around 605 nm (2.05 eV) in the transition
absorbance spectra.” The SAC-CI values of KR2 are calculated
to be higher than the experimental values in the computational
conditions of this article (Table 4). The SAC-CI value (2.29 eV)
of the KL model is higher than the experimental value (2.05 eV)
of the K intermediate but is lower than the experimental value
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Table 4. Excitation Energies and the Distances between Na*
or H" of COOH of ASP116 and the Nitrogen Atom of the
Schiff Base of KR2

excitation energy distance
SAC-CI exptl” Na'—N¢ H'-N“

model (ev) (eV) A (eV) (A) (A)
resting 2.49 2.36 +0.13 - -
KL 2.29 205 (K)  +0.24 - -

245 (L) —-0.16

M 3.23 3.10 +0.13 - 1.80
R 3.36 - - - 4.19
00, 2.46 2.19 +0.27 2.21 4.17
Ol 2.71 +0.52 2.71 3.84
02 2.56 +0.37 2.82 1.74
03" 142 -0.77 2.65 -
04 2.39 +0.20 - -
OlLians 2.95 +0.76 2.29 3.63
024" 2.74 +0.55 227 3.01
O344ns 1.94 -0.25 2.58 -
O4rans 2.85 +0.66 - -
O s 2.19 0.00 - -

“Nonoptimized geometry is used. PReference 9. L and K in
parentheses represent the experimental values of the L and K
intermediates. “Distance between Na* and the nitrogen atom of the
Schiff base. “Distance between H* of COOH of ASP116 and the
nitrogen atom of the Schiff base.

(2.45 eV) of the L intermediate. Furthermore, the SAC-CI value
(2.29 eV) is lower than that (2.49 eV) of the resting model. This
agrees with the relation between the K intermediate (2.05 eV)
and the resting state (2.36 eV) in the experimental value.
However, the experimental value (2.45 eV) of the L
intermediate is higher than that of the resting state. Therefore,
we concluded that the KL model corresponds to the K
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Figure 16. Optimized geometries of resting state (a), KL (b), M (c),

and R (d) intermediate models of KR2.

intermediate due to its retinal structure as well as the
comparison between the SAC-CI and experimental values.

In the KL model shown in Figure 16b, the hydrogen-bonding
network is very similar to that of the resting state. The difference
between the resting and KL models appears in the hydrogen-
bonding distances between the ASP116 and the Schiff base. Two
O atoms of the ASP116 have the distances of 1.94 and 1.98 A
from the proton of the Schiff base in the resting state model but
the distances of 1.78 and 2.11 A in the KL model. The proton of
the Schiff base comes close to one O atom of ASP116 in the KL
model. Therefore, it is believed that the proton can move to the
ASP116 from the Schiff base in the M intermediate.

5.3. M Intermediate Model. In the M model shown in
Figure 16, the hydrogen-bonding distance 1.80 A between the
ASP116 and Schiff base is almost the same as that (1.78 A) of the
KL model. However, since the COO™ of ASP116 changes to the
COOH, the hydrogen-bonding distance between the ASP116
and ASN112 increases to 2.10 A from 1.83 A of the KL model.
Therefore, the carboxyl group of ASP116 can rotate due to this
cavity. The hydrogen-bonding distances between ASN112 and
HOH959 and between HOH959 and ASP251 are almost the
same as those of the resting and KL models. The blue-shifted M
intermediate was calculated to be 3.23 eV that is higher than the
experimental value (3.10 eV) by 0.13 V. This deviation is the
same as that of the resting model.

5.4.RIntermediate Model. In the R model, by the ASP116
rotation, the new hydrogen bond is formed between the ASP116
and ASN112 as shown in Figure 16d. The distance 3.58 A
between the ASP116 and the Schift base is longer than that of the
M model by 1.78 A. Therefore, the cavity formed between the
Schiff base and ASP116 has enough space for the sodium ion to
binds with the Schiff base. Therefore, the sodium ion can move
to the cavity from the intracellular medium side and connect
with the Schiff base instead of the proton. The excitation energy
(3.36 eV) of the R model is slightly higher than that (3.23 eV) of
the M model, because the proton of the carboxyl group of the
ASP116 is away from the Schiff base.

5.5. O Intermediate cis Model. In the OO0, model, the
sodium ion moves to the cavity formed by the ASP116 rotation
as shown in Figure 17a. The hydrogen-bonding distances

between the ASN112 and HOH959 and between HOH959 and
ASP251 hardly change during the photocycle from the resting
model to OO0, model. The excitation energy (2.46 eV) of the
00, model is very close to that (2.49 eV) of the resting model
but much lower than those (3.23 and 3.36 ¢V) of the M and R
models, because the Schiff base bonds with the sodium ion
instead of the proton.

In the O1,, model shown in Figure 17b, the sodium ion passes
through the Schiff base from the intracellular medium side to the
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Figure 17. Optimized geometries of O0; (a), Ol (b), 02 (c), O34
(d), and O4,; (e) models of KR2.

extracellular medium side and is surrounded by the Schiff base,
ASN112, HOH959 and ASP251. The distance between the
Schiff base and the sodium ion increases from 2.21 to 2.71 A.
The hydrogen-bonding distances between ASP116 and
ASN112, ASN112 and HOH959, and HOH959 and ASP251
are longer than those of the 00, model by about 0.13 A due to
the movement of the sodium ion. Since the sodium ion moves
away from the Schiff base by 0.50 A, the excitation energy (2.71
eV) of the O1, model is higher than that (2.46 eV) of the O0
model.

In the 024 model shown in Figure 17c, the sodium ion is
surrounded by the Schiff base, ASN112, HOH959 and ASP251
just like the O1, model and the proton of the carboxyl group of
the ASP116 forms the hydrogen bond to the Schiff base by the
ASP116 rotation. Therefore, the sodium ion slightly moves from
the Schiff base to the HOH959; the distance between the
sodium ion and the Schiff base increases to 2.82 A from 2.71 A of
the O1 4, model. The hydrogen-bonding distances between the
ASP251 and HOH959 and between ASN112 and HOH959 are

cis cis
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longer than those of the 01, model by about 0.06 A due to the
movement of the sodium ion. The excitation energy (2.56 eV) is
lower than that (2.71 eV) of the Ol model, because the
sodium ion moves away from the Schiff base but the proton of
the carboxyl group of the ASP116 moves toward the Schiff base
in comparison to the O1, model.

In the O3, model, since the Schiff base connects with both of
the proton and sodium ion as shown in Figure 17d, the geometry
optimized calculation was not converged, because two cations
binds to the Schiff base. Although the proton reassociates with
the Schiff base from the ASP116, the distance between the
sodium ion and the Schiff base decreases to 2.65 A from 2.82 A
of the 02, model. Instead, the distance between the sodium ion
and ASN112 increases to 3.80 A from 2.63 A of the 02, model
due to the rotation of amide group of ASN112. Furthermore, the
HOH959 is separated from both the ASN112 and ASP2S1.
Thus, the geometry around the Schiff base is unstable in the
03, model. Since the Schiff base connects with both of the
proton and the sodium ion, the excitation energy (1.42 eV) of
the O3, model is much lower than those of other models.

In the O4,, model, the sodium ion transfers to the
extracellular medium. The hydrogen-bonding distances are
similar to those of the resting and KL models except for the
distance between the ASP116 and ASN112 (Figure 17e). The
excitation energy (2.39 eV) of the O4, model is closest to the
experimental value (2.19 eV) among the O intermediate models
except for the O4',,, model.

5.6. O Intermediate Trans Model. The optimized
geometry of the Olg,,; model is similar to that of the Ol
model as shown in Figure 18a. However, the optimized
geometries of the other Oy, models are different from those
of the O, models. The carboxylic acid of the ASP116 rotates in
the O2,,, model shown in Figure 18b. The ASN112 rotation
occurs in the O3, and O4,,, models (Figure 18, parts c and
d) and the ASP116 rotation occurs in the O4’trans model
(Figure 18e). Thus, the difference between all-trans and 13-cis
of retinal induces the geometrical changes of the amino acids
around the Schiff base.

In the optimized geometry of the O1,,,, model, just like in the
case of the Ol model, the sodium ion is surrounded by the
Schiff base, ASN112, ASP251, and HOH959 as shown in Figure
18a. As can be seen from the retinal structure of each model
shown in Figure 19, the retinal structure is distorted around the
Schiff base in the O, models but the distortion is decreased in
the Oy, models. Therefore, the excitation energies of the O,
models are much higher than the experimental value as well as
the SAC-CI values of the O, models. This is similar to the
relation between the red-shifted K intermediate with a distorted
retinal structure and the blue-shifted L intermediate with a
relaxed retinal structure. In the Ol,,,, model, the excitation
energy (2.95 eV) is much higher than the experimental value
(2.19 eV), though the distances of the sodium ion and proton
from the Schiff base are closer than those of the O1_, model.

The QM/MM optimized calculation was not converged in the
02, model in Figure 18b, unlike in the case of the O2 4, model.
The excitation energy (2.74 eV) is much higher than the
experimental value but is slightly lower than that (2.95 eV) of the
O1,,,,s model, because the distance between the ASP116 and the
Schiff base is longer than the hydrogen-bonding distance but
shorter than that of the O1,,,,, model.

In the O3,,,, model shown in Figure 18¢, the Schiff base
bonds with both of the proton and sodium ion. The geometry
optimized calculation was converged but the ASN112 rotates.
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Therefore, the obtained geometry is unbelievable. The
excitation energy (1.94 eV) of the O3,,,, model is lower than
the experimental value due to two cations of the proton and the
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sodium ion like the O3, model. Actually, it is difficult for two
cations to bind with the Schiff base at the same time like the
03, and O3 models.

In the O4,,,, model in Figure 18d, the sodium ion releases to
the extracellular medium. The hydrogen-bonding distances
between the Schiff base and the ASP116 and between the
ASN112 and ASP116 are similar to those of the O3,,,,, model,
because the O3, model was used as an initial geometry. The
excitation energy (2.85 eV) of the O4,,,, model is higher than
that of the O4, model by about 0.5 eV, just like the difference of
the excitation energy between the O3, and O34, models.

In the O4',,,,, model in Figure 18e, the O2,,,, model was used
as an initial geometry. The obtained geometry is similar to the
resting state model except for the rotation of the carboxyl group
of ASP116. The difference between the resting state and 04’
models is within 0.02 A in the hydrogen-bonding distances
between ASP116 and ASN112, ASN112 and HOH959, and
HOH959 and ASP251. Thus, when the retinal changes from 13-
cis to all-trans by the thermal isomerization and the sodium ion
moves to the extracellular medium, the geometry of the KR2 can
reform to the resting state because the ASP116 easily rotates.
The excitation energy (2.19 eV) of the O4'y,,,, model is lower
than that (2.49 eV) of the resting model, because the hydrogen-
bonding distance between the Schiff base and the ASP116 is
longer for the O4',,, model than that of the resting model due
to the ASP116 rotation.

For the Ol,,,, 02, and O4,,,, models, the excitation
energy is much higher than the experimental value. Although the
SAC-ClI results tend to be higher than the experimental values in
other models of KR2, the excitation energy of the O3, model
is lower than the experimental value. Therefore, we can conclude
that the retinal is not all-trans when the sodium ion passes
through the Schiff base.

5.7. Sodium lon Pumping Mechanism. As explained
above, the retinal is not all-trans but 13-cis when the sodium ion
passes through the Schiff base in the O intermediate. Although
the experimental absorption maximum does not change in the O
intermediate,” the excitation energy is too high for the Ol
model and too low for the O3, model, compared with those of
the OO0, 02, and O4, models and the experimental value. If
the sodium ion is away from the Schiff base and the proton still
remains in the ASP116, the absorption spectrum should be
largely blue-shifted like the M intermediate. If the Schiff base
bonds to both proton and sodium ion, the absorption spectrum
should be largely red-shifted as can be seen from the SAC-CI
excitation energy of the O3, model. However, such large blue-
or red-shift is not observed in the absorption spectrum of the
experimental O intermediate. Therefore, we can suggest that the
sodium ion passes through the Schiff base by following three
steps. (1) First, the sodium ion bonds with the Schiff base in the
cavity between the Schiff base and ASP116 (OO0, model). (2)
Second, at the same time that the sodium ion passes through the
Schiff base and moves to around the ASP251, the proton of
ASP116 forms the hydrogen bond to the Schiff base by the
ASP116 rotation (02, model). (3) Finally, the proton of the
ASP116 reassociates with the Schiff base at the same time that
the sodium ion transfers to the extracellular medium from
around the ASP251 (O4.,, model). From the SAC-CI
calculations, the O intermediate in the experiment is considered
to correspond to the O4; model, because the excitation energy
of only the O4;, model is lower than that of the resting state and
closest to the experimental value.
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6. GEOMETRY AND PHOTOCYCLE OF
HALORHODOPSIN (HR)

In Table 5, the SAC-CI excitation energies of the resting state
and intermediate models are compared with the experimental
399899 Jlong with the distances between the oxygen atom
of the hydroxyl group of SER130 and the nitrogen atom of the
Schiff base. The optimized geometries around the Schiff base of
the resting, KL, N and O models are explained below.

6.1. Resting State Model. In the resting model in Figure
20a, the chloride ion is surrounded by the Schiff base, SER130,
THR126, HOH502 and HOHS504 that form the hydrogen
bonding network along with the HOHS03 and ASP2S2.
Therefore, the chloride ion is stabilized by the hydrogen-

values

Table 5. Excitation Energies and Distances between the
Oxygen Atom of the Hydroxyl Group of the SER130 and the
Nitrogen Atom of the Schiff Base of Halorhodopsin (HR)

excitation energy distance
SAC-CI X-ray? QM/MM®

model (eVv) exptl (eV) A (eV) (A{ (A)

resting 2.34 2.157 +0.19 3.40 3.39
2.14" +0.20

KL 2.34 213 (K)*  +0.21 - 4.03
2.34 (L)™' 0.00

KLre 2.50 213 (K +037 - 4.14
234 (L)Y +0.16

N 2.45 2.14% +0.31 3.73 3.29
238" +0.05
2.40° +0.07

Ooxg 1.62 2.07¢ —0.45 3.30 3.63
2.04° —0.42

Ore 1.71 2.074F —0.36 3.30 3.72
2.04° —0.33

Oon 2.19 2.07° +0.12 3.30 4.03
2.04° +0.15

“Reference 98. “Reference 39. “Reference 99. “Distances in the X-ray
crystallographic structures. “Distances in the QM/MM optimized
geometry. 'L and K in parentheses represent the experimental values
of the L and K intermediates.

bonding interactions. The SAC-CI excitation energy (2.34 eV)
is higher than the experimental values by about 0.2 eV. Thus, the
SAC-ClI values of HR seem to be calculated to be higher than the
experimental values in the computational condition used in this
article.

6.2. KL Intermediate Model. In the KL model in Figure
20b, the chloride ion forms the hydrogen bonds to SER130,
THR126, and HOHS02. However, the interaction between the
chloride ion and the Schiff base becomes weak by the all-trans to
13-cis isomerization. The HOHS504 moves close to the ARG123.
The THR126 and the SER130 form the hydrogen-bonding
network with the ASP252 through the CL, HOHS02, and
HOHS03 by the change of the arrangement of the water
molecules. In the optimized geometry, the relaxed retinal
structure is close to the L intermediate of BR, but the Schiff base
has no hydrogen bond just like the K intermediate of BR. The
retinal has the 15-syn conformation for the QM/MM geometry,
but 15-anti conformation in the experiment.’**” The syn/anti
conformational change may occur easily as noted in section 4. In
the experiment, the absorption spectrum is slightly red-shifted
for the K intermediate but is blue-shifted for the L intermediate.
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The SAC-CI excitation energy (2.34 eV) agrees with the
experimental value (2.34 eV) of the L intermediate but is the
same as that (2.34 €V) of the resting model. Therefore, the KL
model may correspond to the K intermediate from the spectral
features. However, since the excitation energy may become
higher by the ARG rotation as noted in section 4, we calculated
the KL,,, model that the guanidine group of ARG123 rotates.
The geometry of the KL,,, model is similar to that of the KL
model but the arrangement of water molecules changes by the
ARGI123 rotation as shown in Figure 20c. The SAC-CI
excitation energy (2.50 eV) of the KL, is higher than the
SAC-CI value (2.34 V) of the KL model and the experimental
value (2.34 eV) of the L intermediate. Therefore, we could
conclude that the KL model corresponds to the L intermediate
with the ARG123 rotation due to both the retinal structure and
the SAC-CI excitation energy.

6.3. N Intermediate Model. In the N model, the chloride
ion moves to the intracellular medium side from the extracellular
medium side of the Schiff base. The direction of the hydroxyl
group of SER130 changes from the extracellular medium side to
the intracellular medium side. The chloride ion is stabilized by
the hydrogen-bonding interactions with the Schift base, SER130
and HOH457 as shown in Figure 20d. In generally, it is
considered that the retinal has a 15-syn conformation in the N
intermediate.”® However, the retinal has the 15-anti con-
formation for the QM/MM optimized geometry. For the KL
and N models, the 15-syn/anti conformation is opposite to the
experimental ones. Prof. Kouyama et al. suggested the possibility
that retinal structure changes from the N intermediate with the
15-anti conformation to the N’ intermediate with the 15-syn
conformation.”” In the QM/MM optimized geometry, the
retinal conformation changes from 15-syn of the KL model to
the 15-anti of the N model. This is opposite to the possibility
proposed by Prof. Kouyama. However, when the chloride ion
passes through the Schiff base between the L and N
intermediates, it is reasonable that the retinal conformation
changes. The SAC-CI excitation energy (2.4S eV) is close to the
experimental values (2.40 and 2.38 eV) but is higher than that of
2.14 eV. Since the SAC-CI value (2.45 eV) of the N model is
higher than that (2.34 eV) of the resting model, the geometry of
the N model seems to correspond to the experimental values of
240 or 2.38 eV.

6.4. O Intermediate Model. In the O model, the chloride
ion moves to the intracellular medium side. In the Op,, model in
Figure 21a, the Schiff base forms the hydrogen bond to the
ASP252 instead of the chloride ion. This is the same as the case
of the O intermediate of BR in which the Schiff base forms the
hydrogen bond to the ASP212 (ASP252 in HR) because the
ASP8S (counterion residue in BR) has a proton. However, the
SAC-CI excitation energy (1.62 €V) is much lower than the
experimental values (2.04 and 2.07 eV). The excitation energy of
the retinal becomes higher by the increase of the distance
between the positive charge and the Schiff base or by the
existence of the negative charge around the Schiff base.
Therefore, there are two possibilities: (1) O,,, model where
the positive charge is away from the Schiff base; 62) Ooy model
where the negative charge exists around the Schiff base.

In the Oy, model in Figure 21b, the geometry around the
Schiff base is similar to that of the O, model except for the
rotation of the guanidine group of the ARG123. For the Land N
models of BR, the excitation energy became higher by the
arginine rotation. The SAC-CI excitation energy (1.71 €V) is
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Figure 21. Optimized geometries of Oy, (a), Ourg (b), and Ogy (c) models of HR.

DOI: 10.1021/acs.jpca.8b10203
J. Phys. Chem. A 2019, 123, 1766—1784


http://dx.doi.org/10.1021/acs.jpca.8b10203

The Journal of Physical Chemistry A

higher than that of the O¢,, model but still lower than the
experimental value by more than 0.3 V.

In the Oy model, the HOHS03 changes to the hydroxide ion
with a negative charge. The HOHS03 forms the hydrogen bonds
to the Schiff base, HOHS504, ASP252 and ARG123 as shown in
Figure 21c. The THR126 is included in the hydrogen-bonding
network by forming the hydrogen bond to the HOHS04. In the
resting state, the SER130 is an important role to stabilize the
chloride ion but is separated from the hydrogen-bonding
network in the Oy model. The SAC-CI excitation energy (2.19
eV) is slightly higher than the experimental values (2.04 and 2.07
eV). Since the SAC-CI values are higher than the experimental
values for the resting and N models, this result supports that the
HOHS03 forming the hydrogen bond to the Schiff base changes
to the hydroxide ion instead of the absent chloride ion in the O
intermediate.

6.5. Chloride lon Pumping Mechanism. We discuss the
chloride ion transfer mechanism in this section. The distances
between the oxygen atom of hydroxyl group of the SER130 and
the nitrogen atom of the Schiff base are shown in Table 5. In the
resting model, the distance between the Schiff base and the
SER130is 3.39 A. However, the distance is enlarged to 4.03 A in
the KL model. The geometrical change forms the cavity that the
chloride ion can pass through the Schiff base. After passing the
Schiff base, the distance is reduced to 3.29 A in the N model. The
shortened distance prevents the backflow of chloride ion. This
value is shorter than that (3.73 A) of the X-ray structure by 0.44
A, because both the Schiff base and the SER130 are attracted to
the chloride ion by the QM/MM optimization. In the O models,
the distance is enlarged to 3.63, 3.72, and 4.03 A for the Oory
Oy and Ogy models. These values are longer than the
experimental value (3.30 A) by about 0.3—0.7 A, because the
Schiff base with a positive charge is attracted by the ASP252
(Oorg and O, models) or the HOHS03 (Oqyy model) with a
negative charge. Since the HOHS03 forms the hydrogen bond to
the Schiff base in the Oy model, the distance between the Schiff
base and the SER130 is longer than those of the O,, and Oy,
models.

Figure 7 shows the water molecules included in HR. In the
resting state, many water molecules exist in the extracellular
medium side of the retinal in Figure 7a. But these water
molecules seem to be separated from those in the extracellular
medium. However, there are some amino acids with a positive or
negative charge between these water molecules. Therefore, a
new chloride ion can easily transfer from the extracellular
medium to the Schiff base through the water molecule passage.
However, only one molecule exists in the intracellular medium
side of retinal and there is no amino acid with a positive or
negative charge between the retinal and the intracellular
medium. Therefore, the chloride ion around the Schiff base
cannot transfer to the intracellular medium in the resting state.
In short, the chloride ion uptake into the intracellular medium
seems not to occur in the resting state.

In the N model in Figure 7b, many water molecules exist
between the retinal and the intracellular medium. Therefore, the
chloride ion can easily move from the retinal to the intracellular
medium through the water molecule passage. Furthermore,
though there are also many water molecules between the retinal
and the extracellular medium, the chloride ion seems not to
move from the extracellular medium to the retinal.

In the O model in Figure 7¢, many water molecules disappear
from the region between the retinal and the intracellular
medium, as in the case of the resting state. This geometrical
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change prevents the backflow of the chloride ion from the
intracellular medium in the O intermediate. Instead, the chloride
ion can move to the Schiff base from the extracellular medium
through the water molecule passage so that the HR can return to
the resting state.

The chloride ion transfer mechanism is the following: (1) the
photoisomerization weakens the hydrogen-bonding interaction
between the chloride ion and the Schiff base (KL model), (2)
the chloride ion moves from the extracellular medium side to the
intracellular medium side of the retinal, keeping the hydrogen
bonds to the hydroxyl group of SER130 and the Schiff base (N
model), (3) the chloride ion moves to the intracellular medium
through the water molecule passage, (4) after the thermal
isomerization, the HOHS03 bonding to the Schiff base through
the hydrogen-bonding interaction changes the hydroxide ion
instead of the chloride ion (Ogy model), and (S) the chloride
ion moves to the Schiff base from the extracellular medium
through the water molecule passage and the hydroxide ion
around the Schiff base returns to the water molecule.

7. SUMMARY OF ION TRANSFER MECHANISMS OF
THREE RHODOPSINS

We summarize and compare three ion transfer mechanisms in
this section. For the BR, the SAC-CI results supported the
proton transfer mechanism following next six processes: (1) the
photoisomerization from the all-trans to 13-cis retinal (K
model), (2) the relaxation of the twisted retinal (L model), (3)
the proton transfer to ASP8S from the Schiff base (M model),
(4) the proton release to the extracellular medium from
GLU194 or GLU204 and the proton transfer to the Schiff
base from ASP96 (N model), (5) the proton transfer to ASP96
from the intracellular medium and the thermal isomerization to
all-trans retinal, and (6) the proton transfer to GLU194 or
GLU204 from ASP8S (resting state model). Furthermore, from
the comparison between the X-ray and rotation models, the
guanidine group rotation of the ARG82 has a large effect on the
excitation energies of the L and N intermediates. However, the
effect of the guanidine group rotation is limited for the resting
state and K, M, and O intermediates. We concluded that the
guanidine group of the ARGS82 rotates for the N intermediate
under the measurement of the experimental absorption spectra
from the comparison between the SAC-CI and the experimental
values.

The sodium ion transfer mechanism of KR2 is very similar to
that of BR from the resting state to the M intermediate. First, the
retinal changes from the all-trans to the 13-cis by the
photoexcitation in the KL model. Second, the proton transfers
from the Schiff base to the counterion residue (ASP116) in the
M model. Third, the protonated ASP116 rotates and forms the
hydrogen bond to the ASN112 in the R model. Fourth, the
sodium ion passes through the Schiff base in the O models. In
detail, (1) the sodium ion moves the cavity formed by the
ASP116 rotation and connects with the Schiff base (OO0
model). (2) At the same time that the sodium ion passes
through the Schiff base and moves to near the ASP251 from near
the ASP116, the ASP116 rotates and forms the hydrogen-bond
to the Schiff base (02, model). (3) At the same time that the
sodium ion transfers to the extracellular medium, the proton of
the ASP116 reassociates with the Schiff base (04, model). In
these processes of the O intermediate, the retinal remains the 13-
cis. Finally, the KR2 reforms the resting state by the thermal
isomerization from the 13-cis retinal to the all-trans retinal.
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The chloride ion passing mechanism of HR is slightly different
from those of BR and KR2. In the resting state, the chloride ion is
stable due to the hydrogen-bonding interactions with the Schiff
base, THR126, SER130, HOHS502, and HOHS504. In the KL
model after the photoisomerization, the Schiff base and
HOHS04 are away from the chloride ion and the cavity is
formed between the Schiff base and SER130. The chloride ion
passes through the Schiff base from the extracellular medium
side to the intracellular medium side in the N model. The retinal
conformation changes from the 15-syn to 15-anti before and
after the chloride ion passes through the Schiff base. The
chloride ion transfers to the intracellular medium through the
water molecule passage. In the Ogy model after the thermal
isomerization, the Schiff base forms the hydrogen-bond to the
hydroxide ion instead of the chloride ion. In the G, KL and N
models, the chloride ion with a negative charge stabilizes the
Schiff base with a positive charge. Therefore, the existence of the
hydroxide ion with a negative charge is necessary for the
stabilization of the Schiff base. Therefore, until a new chloride
ion comes to the Schiff base from the extracellular medium, the
water molecule forming the hydrogen bond to the Schiff base is
considered to become the hydroxide ion.

Thus, the functions are different between three rhodopsins,
though all ion transfer reactions start by the photoisomerization
of retinal. The main difference between BR and KR2 is that the
Schiff base is all-trans for BR but 13-cis for KR2 in the O
intermediate. This may be caused by the amino acids and water
molecules around the Schiff base. For the BR, the Schiff base
forms the hydrogen bond to the water molecule that becomes
the part of the hydrogen-bonding network. Therefore, the
proton of the Schiff base can move to the extracellular medium
through the hydrogen-bonding network formed by the water
molecules. However, for the KR2, since there is no water
molecule that forms the hydrogen bond to the Schiff base, the
proton of the Schiff base moves to the ASP116 in the M
intermediate. The proton of the ASP116 can only return to the
Schiff base, because only the Schiff base is the acceptor of the
proton. Therefore, for the KR2, the retinal is necessary to be 13-
cis for the reassociation of the proton with the Schiff base after
the sodium ion passes through the Schiff base in the O
intermediate. The protonated state is difference between the O
intermediate and the resting state for the BR as shown in Table
1, because the Schiff base accepts the proton from the
intracellular medium side. However, since the protonated state
is the same except for the M and R intermediates for the KR2,
the absorption spectral difference may be small between the
resting state and O intermediate. Therefore, the O intermediate
of KR2 may correspond to the N intermediate of BR.

For the HR, there is no amino acid to receive the proton of the
Schiff base. The positive charge always exists in the Schiff base of
the retinal during the photocycle. Therefore, only the negative
charge can pass through the Schiff base. The photoisomerization
to the 13-cis retinal forms (1) the cavity that the chloride ion can
pass through the Schiff base (KL model) as well as (2) the water
molecule passage that the chloride ion can move from the Schiff
base to the intracellular medium (N model in Figure 7b). The
thermal isomerization to the all-trans forms the cavity that the
chloride ion moves from the extracellular medium to the Schiff
base (O model in Figure 7c). The chloride ion moves from the
extracellular medium to the intracellular medium through the
hydrogen-bonding network formed by the water molecules.

For the BR, the proton of the Schiff base moves to the ASP85
by the all-trans to 13-cis isomerization of retinal. This movement
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induces the domino-topping proton transfer reactions. For the
KR2, the ASP116 rotation after the photoisomerization of
retinal forms the cavity that the sodium ion can pass through the
Schift base. For the HR, The structural change by the
photoisomerization of retinal enlarges the distance between
the nitrogen atom of the Schiff base and the oxygen atom of
hydroxyl group of the SER130. The chloride ion passes through
the cavity by the geometrical change of whole protein. Thus, the
structural change of the photoisomerization of retinal is a key
reaction for three ion-pumping reactions. The light is necessary
for the all-trans to 13-cis isomerization that induces these
reactions.

8. CONCLUSION

We have studied the proton, sodium ion, and chloride ion
transfer mechanisms of BR, KR2, and HR by the SAC/SAC-CI
calculations using the QM/MM optimized geometries. For the
BR, by the initial geometries taken from the X-ray crystallo-
graphic structures, the SAC-CI results has reproduced the
excitation energies of the resting state and some intermediates
and supported the proton transfer mechanism proposed
previously. However, for the KR2, since we cannot find all the
X-ray crystallographic structures of the intermediates, we
calculated the intermediate models constructed from the X-ray
crystallographic structure of the resting state. Therefore, our
geometries may be different from the actual ones. However, the
SAC-CI excitation energies of KR2 showed the reasonable
agreement with the experimental values. Therefore, we could
support the sodium ion transfer mechanism of KR2 proposed by
Kandori group. For HR, the QM /MM optimized geometries are
different from the experimental structures for 15-syn/anti
conformation of retinal. This may show that 15-syn/anti retinal
conformation changes easily. However, from the comparison
between the SAC-CI excitation energies and the experimental
values, we could suggest the chloride ion transfer mechanism of
HR.

The SAC-CI results clarified that for the BR, the rotation of
the guanidine group of the ARG82 largely changes the excitation
energy for only the L and N intermediates, suggested that for the
KR2, the retinal remains 13-cis until the sodium ion passes
through the Schiff base in the O intermediate, and suggested that
for the HR, the Schiff base forms the hydrogen-bond to the
hydroxide ion instead of the chloride ion in the O intermediate.
Thus, the SAC-CI method could elucidate the ion transfer
mechanism as well as provide the new findings of three
rhodopsins.

In this article, we used the LevelTwo, the small QM region
and the small basis sets in the SAC-CI calculations. The used
monomer model did not include the interaction with the other
rhodopsins in trimer and the lipid. These computational
conditions are not a high quality. Furthermore, the QM/MM
optimized geometries may be local minimum, because they
depend on the X-ray crystallographic structures or our
constructing models used as the initial geometries. Therefore,
the better models and/or the better computation conditions
may improve the deviation from the experimental values.
However, the present SAC-CI results could support and suggest
the ion transfer mechanisms. These findings are important for
the elucidation of biological functions and evolutions as well as
optogenetic applications. We hope our results will be useful as a
guide for elucidating the ion-transfer mechanism, geometries,
and functions of new ion-pumping rhodopsins.
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