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Introduction

Rhodopsins

Microbial and animal rhodopsins

One of the membrane protein, rhodopsin, is a photoreceptor protein which converts lights to
an energy source. Rhodopsins are classified to microbial and animal rhodopsin, termed as type-I and
type-1I as well, respectively. Animal rhodopsin exists in rod and cone in eye and functions as a visual
pigment. Rhodopsin-like G-protein coupled receptor (GPCR) is known as well which classified in a
member of family A in GPCRs, which utilizes light, small molecules and peptides as ligands.!
Structural change of one of the protein in family A, rhodopsin, to meta-rhodopsin II occurs by photo-
isomerization from 11-cis to all-trans and then activates trimeric G-protein to transmit the photo signal.
They share common structure of seven transmembrane a-helices with bound retinal, aldehyde of
vitamin A, inside the protein and its N- and C-terminus facing out- and inside- of the cell, respectively.
In addition to that, animal rhodopsins have short 8" helix at cytoplasmic side and some microbial
rhodopsins have N-helix at extracellular side. Retinal inside the protein is bound to side chain of Lys
locates in the middle of the protein. The light absorption by this retinal is a generally first movement
in expression of function. Retinal in microbial rhodopsin takes all-zrans conformation in dark state
and isomerizes to 13-cis, where in animal rhodopsin changes from 11-cis to all-trans by light

excitation.?

Variety in microbial rhodopsins

Recent metagenomic analysis since 2000 expanded the discovery of new-functional
rhodopsins from microorganism. The first discovery of rhodopsin was in 1876 where the visual
rhodopsin was found. After a decade, bacteriorhodopsin was found as a first microbial rhodopsin. The
study on microbial thodopsin followed by the structural determination by electron microscopy in 1971,
discovery of chloride pumping halorhodopsin (HR) in 1977-1981°~7 and sensory rhodopsin in 1984
and structural determination of bacteriorhodopsin by X-ray crystallographic analysis in 1997 as well
as spectroscopic studies for functional analysis and structural mechanisms. Until 2000 the target
protein was limited although it expanded widely followed by the discovery of eubacterial proton pump
in 2000, cation channelrhodopsin in 20028, eukaryotic proton pump rhodopsin with carotenoid antenna

called Xanthorhodopsin (XR) in 2005°, thermophilic proton pump rhodopsin called thermophilic
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Figure 1. Functional classification of rhodopsin family proteins.

Structures of bovine rhodopsin (PDB code: 1F88), sensory rhodopsin II (PDB code: 1H2S),
bacteriorhodopsin (PDB code: 1C3W), halorhodopsin (PDB code: 1E12), Krokinobacter rhodopsin 2
(KR2; PDB ID: 3X3C), chimeric channelrhodopsin (C1C2) (PDB code: 3UG9) are shown as cylinder
models. The colored cylinders denote helices forming the ion-conducting pathway in BR, HR, KR2,
and ChR, and helices which bind to the respective signal transducers in bovine rhodopsin and SRII.
Adapted from [10].

rhodopsin (TR) in 2013'!, and sodium ion pump rhodopsin, Krokinobacter thodopsin (KR2), in 2013'2,
Now more than 10000 microbial rhodopsins are found in genome of archaea, bacteria and eukaryotes
and the functions varies from ion pump, ion channel to sensor.'3 Ion pumps control the transportation
of ion into and out of cell against potential gradient while channels let the potential gradient to be
cancelled. Sensors form complex with transducer to transmit the light-induced signals to flagellar

motor.



Bacteriorhodopsin

One of the most well-known microbial rhodopsins is bacteriorhodopsin (BR) from
Halobacterium salinarum which expresses light-driven proton pump'#!> and generates H-gradient in
cell to activate adenosine triphosphate (ATP) synthase.!®!7 This protein forms patch of hexagonal
lattice in H. salinarum cellular membrane.!” There is only one protein present in this membrane
fragment!® which is called purple membrane (PM), thus, it can be easily purified to obtain pure
bacteriorhodopsin with homo-trimer.!”!” Oesterhelt and Stoekenius revealed that this purple color is
caused by the retinal?® bound to Lys216 side chain in helix 7 via Schiff base!” and locates in the middle
of 7-transmembrane helices.?! As this protein takes similar structure of seven helices and covalent
retinal to visual rhodopsins, structural and mechanistic research has been conducted into the details.

Retinal bound in microbial rhodopsin takes mainly all-frans conformation, however,
bacteriorhodopsin has two conformations of retinal in dark: all-trans (13-trans, 15-anti) and 13-cis
(13-cis, 15-syn) conformations.??> Two conformations are in equilibrium and the ratio of these
conformations in dark is 1:1 called dark-adapted state.?* The unidirectional transmembrane ion
transport is driven by isomerization of the retinal?* and the retinal conformation changes to ~100%
all-trans by light irradiation which is called light-adapted state. Conformational change to all-trans is
followed by the change to 13-cis (13-cis, 15-anti) conformation at J or K-intermediate and then
photocyclic pathway of proton pumping activity.

First structure of bacteriorhodopsin was revealed by Henderson et al. using cryo-electron
microscopy reported in 1975.% The three-dimensional potential map showed the packing of
bacteriorhodopsin forming trimer in a purple membrane. A single molecule of bacteriorhodopsin
showed seven-transmembrane structure, however, the resolution is limited showing 7 A, which
eliminates the conformation of retinal and residues. Structural study was followed by some groups and
the conformational information of residues were revealed by crystallographic study and cryo-electron
microscopy.?* In 1999, Luecke et al. revealed the full structure of bacteriorhodopsin at the resolution
of 1.55 A (PDB code: 1C3W)?' This enabled to see the protein inner structure including water
molecules forming hydrogen bonds with surrounding residues which interactions are essential for
understanding of proton pump as its transportation occurs with proton hopping.’*? In this crystal
structure, only all-trans retinal was shown. 13-cis retinal contained structure was later shown by
Nishikawa et al.?* and Patzelt et al.** by means of crystallography and NMR, respectively.

This protein functions with light; therefore, the structural change after the light-irradiation
should occur. The photo-intermediates were distinguished by visible spectroscopy.**=’ The maximum
absorption wavelengths of the states are 568 nm for ground state of all-trans, 548 nm for ground state
of 13-cis, 590 nm for K, 550 nm for L, 412 nm for M, 560 nm for N and 640 nm for O state. Excitation
from ground state to K-intermediate occurs in ~4 ps, then the relaxation time of K, L, M, N and O are

~1 ps, ~40 ps, ~5 ms, ~5 ms, and ~5 ms, respectively.’®

-10 -



Unidirectional proton transportation between key residues starts with photon absorption of
retinal and retinal isomerization followed by the contiguous structural change of protein (Figure 2).
First, retinal is excited from all-¢trans to 13-cis, 15-anti (transition of ground state (G state) to J or K-
intermediate) and then protonated Schiff base (pSB) releases its proton and transfer to the proton
acceptor, Asp85 (formation of M-intermediate, where retinal takes 13-cis, 15-anti conformation,
deprotonated), the counterion of retinal Schiff base,?* which forms pentagon cluster with Asp212,
Arg82 and three water molecules (defined as Wat401, Wat402 and Wat406 in crystal structure shown
by Luecke et al. (PDB code: 1C3W) where Asp85, Schiff base, Asp212 and Arg82 interact with
Wat401 and Wat402, Wat402, Wat402 and Wat406, and Wat406, respectively’!). Protonation of
counterion is followed by breakage of hydrogen bonding interactions in this pentagon cluster and leads
Arg82 to face to the side of proton release group (PRG), Glu194 and Glu204. Before passing proton
to proton release group via hydrogen bonding water molecules, proton release to extracellular side
from proton release group (transition from M- to Ms-intermediate) by opening proton diode gate of
Ser193.3% Proton transfer occurs by the stepwise changes in the sidechain pK, values of ionizable
residues, such as Asp85, Asp96, Glu194 and Glu204, caused by the changes in the packing of the
helices, which results in H* ion flux to the extracellular side of the protein.*’ Then, proton at Asp96 is
transferred to retinal to reprotonate Schiff base (formation of N-intermediate with 13-cis, 15-anti
conformation, protonated). Reprotonation of Asp96 from cytoplasmic side occurs (transition from N-
to O-intermediate, where retinal takes 13-trans, 15-anti conformation at O-intermediate). In order to
transport vertically, change of accessibility from extracellular to cytoplasmic side is needed for Schiff
base before Asp96 is reprotonated from cytoplasmic then retinal reisomerizes thermally and to switch
back the accessibility of SB to extracellular side.*

Crystal structure of ground state revealed the hydrogen bonding network inside the protein

which connects the key residues and water molecules to transport proton by proton hopping.?! At the

o Intraceduiar

. rd; " @
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Figure 2. Proton transfer in BR and structural change at each intermediate.
Adapted and modified from [109].
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state. Asp85 forms hydrogen bond with Thr89 with rest of the oxygen at C6 and two oxygen at the
side chain of Asp212 interacts with phenolic OH of Tyr57 and Tyr185 as well as the W406, where
W406 connects to the positively charged Arg82. Disruption of these interactions by retinal
isomerization decreases the stability of active site and induces the structural change over the protein.
The hydrogen bonds between Arg82 and water molecules are connected to the extracellular side of
BR by forming hydrogen bonds with other water molecules, such as Wat403, Wat404 and Wat405, to
the proton release group of Glu194 and Glu204. In dark state and those of early intermediates (K, L
and M), Schiff base is likely to be accessible to the extracellular side.*!

Displacement of Wat402 occurs in K-intermediate.’® In the initial state, Schiff base N-H
bond vector points in the extracellular direction.?! This is rotated at K-intermediate to weaken the
Schiff base-counterion interaction as well as the twist around each bond in retinal polyene chain about
< 20° compared to the planar 13-cis, 15-anti configuration.*>*} The hydrogen bond between Schiff
base and Wat402 is maintained as in ground state; however, the N{-H- - - O angle changed from linear
170-176° in ground state to 113° in K-intermediate.** Strong hydrogen bond held between Asp85 and
Thr89 in K persists through M, contrary to the structural models based on x-ray crystallography of the
photo-intermediates.** In the K state, retinal is the only displaced structure in the protein.*

L-intermediate is the stage for transition to M state where proton transfer from Schiff base
to Asp85 occurs which implies a strong interaction between them at L state. Strong interaction between
Schiff base and the counterion and particular double bond strain, C=N, in L-intermediate was observed
by NMR.# Including FTIR studies, a water molecule bound to both Schiff base and the counterion at
ground state, Wat402 as previously described, established stronger hydrogen bonds to both of them in
L state.*”5! Wat402 is then dragged to a space that is originally occupied by Leu93 according to the

crystallography of L-intermediate’?°?

although an electron diffraction study of the L-intermediate
showed no lateral displacements large enough to be seen at a resolution of 0.35 nm compared to the
ground state.>* Diffraction data from a crystal containing the M intermediate showed that this water
molecule moves further towards the intracellular side in the L-to-M transition.’>>* Additional small

33,36 and an increase of pK, of Asp85°7-8

local perturbations lead to a decrease in the pK, of Schiff base
detected by FTIR which allows the proton transfer in the L-to-M transition. Changes near Asp85 were
suggested to transmit the hydrogen bonds in the cytoplasmic channel involving Thr46, C=0 of Val49,
Asp96 and water molecules.*>** Indeed in L state crystal, approach of the phenyl ring of Phe42 to the
carboxyl O of Asp96, and movement of the closest atom of the ring of Phe219 away from carboxyl
OH of Asp96 was revealed compared to the ground state which explains the later change of
deprotonation of Asp96 at M-to-N-intermediate because of the changed dipole environment of this
protonated aspartic acid.’® Mutation at retinal-binding site effects the kinetics of photocyclic process.

Interaction of Trp182 indole ring with retinal C19 decreases the proton affinity of the Schiff base, thus,

alteration of Trp182 to Phe slows L-decay and M-formation.>!-6%-61

-12 -



M-intermediate in BR is one of the state which cannot be denied in a proton pump process
as the proton is released from the retinal Schiff base to counterion, Asp85, to form 13-cis, 15-anti
retinal with deprotonated state. Asp85 will be protonated when the pK, of the proton release site is
decreased later at N-intermediate. M-intermediate is characteristic in a sense that several substrates
for M-intermediates were reported, such as M;, M, and M,’. H" is simultaneously released from a
PRG in the extracellular side in the transition of M; and M,. H" is then transported from Asp96 to
Schiff base, which causes reprotonation of the SB in the process of transition from the M»- to N-
intermediate. In M, Wat402 moves nearly 1 A away from the deprotonated retinal Schiff base nitrogen
and breaks the hydrogen bond that bridges them, and initiates rearrangements of the hydrogen-bonded
network of the extracellular region that develop fully in the intermediates that follow.* The breakage
of hydrogen bonding interaction between the water and Asp85 enables Asp85 to move closer to the
position originally occupied by the Schiff base.®? Although both Asp85 and Asp212 can be proton
acceptor, only Asp85 is protonated because of its flexible interaction with Wat401 and Thr89 which
are both hydrogen-bonded to Asp85. On the other hand, Asp212 is hydrogen-bonded to Tyr57 and
Tyr185, bulky residues that do not move during the photocycle and its pK, is retained low.*° In the M
to M transition, relaxation of the C14—C15 and C15=N torsion angles to near 180° reorients the
retinylidene nitrogen atom from the extracellular to the cytoplasmic direction, Wat402 becomes
undetectable, and the side-chain of Arg82 is displaced strongly toward Glu194 and Glu204 (Figure
3).% In the M, states, the side-chain of Arg82 is displaced from its original position where it is
hydrogen-bonded to Wat406, and thus to Wat401 and Asp85, toward the extracellular
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Figure 3. Disruption of hydrogen bonding networks in retinal-binding site at G, L and M states
in Bacteriorhodopsin.
Hydrogen bond network changes were illustrated based on [63].
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surface which explains that protonation of Asp85 is coupled to the release of a proton to the
extracellular surface.®*%° In the M, to M,’ transition, correlated with release of a proton to the
extracellular surface, the retinal assumes a virtually fully relaxed bent shape, and the retinal C20
thrusts against the indole ring of Trp182 which tilts in the cytoplasmic direction.** Crystal structure of
M2’ or MN revealed the large displacement of retinal retinylidene nitrogen into a highly hydrophobic
region by isomerization of the retinal causing the decrease in the pK, of the Schiff base.%” Solid-state
NMR studies of bacteriorhodopsin, isotope-labelled in the protein and the retinal, revealed at least two
different M states, an early and a late one which corresponds to the My and M».%® The H-C14-C15-H
dihedral angle was more distorted than in the ground state, but to the same extent in the two M states
of Mj and M,.%°

At N-intermediate, deprotonated Asp96 created by the reprotonation of retinal Schiff base
uptakes proton from cytoplasmic site. During formation of the L intermediate it is subjected to a
change in the H-bonding character of Asp96 carboxylic group, but deprotonation occurs later at this
reaction step.’®’! Retinal takes 13-cis, 15-anti conformation during N-intermediate. Electron
diffraction difference map revealed the F and G helices movement in the M- to N-intermediate
transition when observed with F219L mutant which has longer life-time of N-intermediate at neutral
pH instead of WT forming N-intermediate-like structure at high pH.”?> It was suggested that this
originates from the Tyr185-Pro186 bond because of the importance of Pro186 to the photocycle7*
and Tyrl185 to the hydrogen bond with Asp212 which undergoes significant changes during the
photocycle’7¢. Later Schobert et al. showed crystallographic structure of N-intermediate with V49A
and F219L mutants’” where carbonyl oxygen of Val49 is proposed to be the acceptor in H-bonding
with the protonated Schiff base in the N intermediate’®. The movements of F and G helices were seen
as well with EPR measurements during M-to-N transition as well as the structural change of E-F loop
to facilitate the release of a proton from Asp96 and the formation of a proton-conduction pathway
from Asp96 to the Schiff base.”” Re-isomerization of retinal induces conformational changes within
the protein, such as tilt in helix E and F.2*%7 Outward tilt of helix F on the cytoplasmic side?6-41:80-82,
followed by outward tilt of helix E on the extracellular side®® linked to the protonation of the Schiff
base by Asp96, reprotonation of Asp96, reisomerization of the retinal to all-frans, and the recovery of
the initial state of the proton acceptor Asp85.4> The proton donor to the SB, Asp96, locates at a distance
of 10 A from the Schiff base and about 6 A from the cytoplasmic surface.*’ A cavity near Asp96 is
capable of holding one or two water molecules®, thus, forms the cluster possibly*’. This appears to be
caused by the deprotonation of Schiff base as well as the mobility of Lys216 side chain resulting in
repacking of side chains between helices F and G and increasing cavity size.*0

In the process of transition from the N- to O-intermediate, a H' is transported from the
cytoplasmic side to Asp96, which causes uptake from the cytoplasmic side to BR as well as the retinal

conformation change from 13-cis, 15-anti to all-trans, 15-anti.**%* Steric interaction between Trp182
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and retinal C20 is known to control the transition from N- to O-intermediate, probably affects to the
retinal conformational change at this step.>!

Crystallographic structure of O-intermediate was not yet revealed with WT and instead
L93A mutant was used to show the O-like structure as it delays the relaxation of O-intermediate.3>-7
The O-intermediate structure observed in L93 A mutant showed similarity to the M-intermediate in
WT-BR. The disappearance of the Wat402 (numbering based on the crystallographic structure (PDB
code: 1C3W)3¥) that interacts with the Schiff base in the dark state. Deformation of the extracellular
half of helix C, from Arg82 to Phe88, was also similarly observed as well as a profound swing in the
side chain of Phe88. The paired structure of Glu194 and Glu204 is broken in O-intermediate by the
flipping of Arg82 toward the extracellular side and formation of salt bridges with Glu194 and Glu204.
Sliding movement of the extracellular half of helix G toward the extracellular side, which is associated
with a large deformation of the FG loop. On the contrary, the major differences observed between O
in L93A mutant and M in WT are the less-distorted main-chain conformation of Lys216, and sliding
of the cytoplasmic half of helix G toward the extracellular side and the deformation of helix F around
Argl75. The difference in the Lys216 is attributed in the configuration of retinal since the retinal in
O-intermediate in L93A takes 13-cis/15-syn configuration, while the retinal in M state in WT takes
13-cis/15-anti configuration.

As the studies above shows, pumping mechanism and structures supporting the mechanism
of bacteriorhodopsin are well-known. This makes BR the basic model of present studies on rhodopsins.
However, even well-studied bacteriorhodopsin is not perfectly understood to show the clear

relationship of structure and mechanism and create a new artificial rhodopsin with a new function.
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Figure 4. Hydrogen bond network from retinal Schiff base to the extracellular surface of
Bacteriorhodopsin.

Positively and negatively charged residues are shown in blue and red, respectively. Green circles

represent water molecules with the number definition. Dotted lines represent hydrogen bonds and N-O
or O-O distances. Adapted from [21].
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Studies on retinal-binding pocket of rhodopsins

As the expression of function is triggered by the light absorption which is followed by the
retinal reisomerization from all-frans to 13-cis, structure of and around retinal has been targeted for
better understandings of pump mechanism.

Retinal conformation varies among rhodopsins at ground state. Bacteriorhodopsin has two
conformations of all-trans and 13-cis with the ratio of 1:1 as revealed by various methods such as high
performance liquid chromatography (HPLC), which indicates that both conformations are at similar
energy level in the retinal-binding pocket of bacteriorhodopsin. However, in the most rhodopsin, all-
trans conformation is major at ground state which ratio is up to 70~90%.%-! Some rhodopsins have
unique retinal conformation, for example, middle rhodopsin (MR) from Haloquadratum walsbyi is
known to have three conformations of all-trans, 13-cis, and 11-cis at ground state.”>?* As the common
photocyclic process of rhodopsin starts from all-trans conformation which is followed by the
reisomerization to 13-cis, the existence of 13-cis and/or 11-cis conformation raises the question of
relation of photocyclic process starting from each conformation with that from all-frans. In the case
of bacteriorhodopsin, the 13-cis retinal changes to all-frans retinal directly by light absorption and
another photon absorption excites the retinal to form K-intermediate. Nevertheless, the direct pathway
of conformation change from 13-cis, 15-syn to all-trans, 15-anti in bacteriorhodopsin needs to be
cleared as some report indicate the existence of 13-cis photocycle in addition to all-trans
photocycle.”*%

Residues around retinal are essential for pump rhodopsins and their sequence are conserved
among the rhodopsins with same functions. As is written above, Asp85 and Asp96 are crucial for
proton pump in bacteriorhodopsin and together with Thr89, these three residues are called DTD motif
which is conserved among archaeal proton pumping rhodopsins,’® such as Archaerhodopsin 1 (AR1)%7,
Archaerhodopsin 2 (AR2)°", and Haloquadratum walsbyi bacteriorhodopsin (HwBR).!! Proton
pumps in bacteria, such as Thermophilic rhodopsin'!'1%191 " Proteorhodopsin (PR)'%>"1%4  and

12,107,108 share

Gloeobacter thodopsin (GR)!%1% ghare DTE or DTX motif, where sodium ion pump
NDQ motif (Figure 5). These residual differences among function-varying rhodopsins are essential
for function, however, surrounding residues around retinal are influenced by the retinal isomerization
which causes rearrangements of interactions throughout the protein.®* The distortion in polyene chain
and/or B-ionone ring induced by the steric hindrance from surrounding residues and interaction
between retinal Schiff base and counterion or ion location in or around retinal exhibit the color
tuning.'” Mutation at surrounding residues successfully changed color in the wavelength range of 425
to 644 nm.!'%!!! Recently the machine learning was used to understand the tendency of effective
residues in microbial rhodopsins.!!? This gives the information about further functional role of residues

surrounding retinal and possibilities of color tuning for optogenetic application. Therefore, residual

tendency on function and the structural changes from ground state to excited states may reveal the

-17 -



GIPR KR1

. VsPR NdR1 ESR
0.1 BPR
GPR
NpSRII R
GR
Se nso r HsSRII
TR
SrSRI
HVSRI S
CsCIR
HsSRI " C I o
spcr (NTQ)
SrHR KR2 “NmCIR
C I HsHR GMNaR
5 dNaR
HWBR AR1
BR AR2 AR3
H +
(DTD)

Figure 5. Phylogenic tree of rhodopsins.
Three letter represents the conserved residues among similar function at the location of Asp85, Thr89
and Asp96 in BR. Adopted from [96]

detailed mechanism of rhodopsin.

Functional conversion among rhodopsins

Functional conversions between rhodopsins give the information of how the functions of
rhodopsins are separated. Functional conversions between H™ pump, Cl- pump and Na* pump were
successful only in the directions of Na*— CI" pump, CI'=H" pump and Na*—H" pump using
Gleoeobacter thodopsin as a H pump, Fulvimarina pelagi thodopsin (FR) as a Cl- pump and KR2
as a Na* pump.'!® Each rhodopsin has three residues at helix C conserved among genetically close
rhodopsins with the same function which are DTD or DTE for H” pump (Asp121, Thr125 and Glu132
in GR), NTQ for Cl pump (Asn110, Thr114 and GIn121 in FR) and NDQ for Na* pump (Asnl12,
Aspl16 and GIn123 in KR2) which corresponds to the positions of Asp85, Thr89, and Asp96 in BR.
These conserved three residues are known to be essential for the function, thus, alteration of these
residues may give the expected function. Indeed, correspondence in three residues and additional one
mutation allowed the functional conversion as followings. The double mutation (NTQ/D102N) in KR2
was sufficient for converting Na" pump into a Cl- pump. Triple mutant of DTE/S255F in FR and
quadruple mutants of DTE/D102N and DTD/D102N in KR2 expressed H" pump. The asymmetric
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results of functional conversions among the light-driven retinal-binding pumps relates to the course of
evolution where the mutagenesis was successful when it reverse the course of evolution, but not when
it follows the evolutionary direction. Another functional conversion showed the successful conversion
of H" pumping AR3 to an H" channel by replacing three residues around the retinal chromophore
(M128A/G132V/A225T mutant).!'* The modifications of two residues in the upper and lower sides of
the B-ionone ring, M128A and G132V, respectively, and one around the Schiff base, A225T, lead to
an increase in hydrophilicity of the ion transport pathway. Other studies on the functional conversions
reported the conversion from a H' to a CI” pump,'!’® from cation to anion channels''®!'7 and from
pump to sensor,''® which were all achieved by the alteration of 1—3 amino acid(s). For this reason, the
structural and functional information is essential for the further understandings of the rhodopsin
protein as well as the optogenetics tool. Precise understandings on the relationship between structure
and functionality are based on the inter-residual and inter-molecular interactions which controls the

protein structural change during the photocyclic process and the efficiency of ion transportation.

Rhodopsins as an optogenetics tool

Studies on rhodopsins can be applied to optogenetics. Optogenetics is a powerful tool to
control the behavior of cells using light. The light-sensitivity and the ion translocation ability of
rhodopsins enabled to gain new insights into the brain in both health and disease. First report of
rhodopsin application was the reliable and precise activation of neurons expressing the light-sensitive
microbial rhodopsin, channelrhodopsin 2 (ChR2) from eukaryotic green alga Chlamydomonas
reinhardtii by Deisseroth lab in 2005.!"° ChRs are the protein which transport ions in accordance with
the concentration gradient, unlike the pumps like BR, HR and KR2, which transport ions against the
gradient. A cation selective channel expressed in cells produce a high Na* conductance upon photo-
irradiation and depolarize the cell membrane. ChRs have now been used to control neuronal activity
in a wide range of animals, resulting in insights into fundamental aspects of circuit function as well as
dysfunction and treatment in pathological states.'?>!?! ChR2 expressed in neuron cells in mice and
muscle cells in C. elegans successfully controlled the activation of motor cortex of mice and the
forward and backward locomotion of C. elegans.''%'?2-125 Activation control was now tested in nerve
cells of mouse'?®, rat'?’, zebrafish!?® and monkey'?’ as well.

As WT ChR2 has low ion transportation, thus, requires strong light-irradiation, and short
absorption wavelength which is poisonous for the cells. ChR variants have been engineered with faster

131,]32,135’ reduced

or extended open-state lifetimes'3%!**  shifted absorption  spectra
desensitization,'?*135137 and increased expression and photocurrent magnitude!?3130:131.134.136 " The
highly effective variants of ChR was expressed in the neurons and used for the neural network analysis
related to health and disease.!*®14! Nureki’s group has revealed the structure of Channelrhodopsin

where a C1C2 chimaera between ChR 18 and ChR2 from C. reinhardtii was used to obtain the increased
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resolution of 2.3 A'*? from the former electron microscopy structure with rough helical arrangement
of ChR2'®. Variants of ChR has been constructed to the precise and selective control of the protein
function, such as absorption wavelength, cation conductivity, photo-sensitivity, photocucrrents, cation
selectivity and kinetics. The revealed structural information assists in the design of mutants with highly
effective function as well as the interpretation of functional analyses of each variants.

In contrast to the neural excitation by cation influx created by ChR2, neural silencing was
successfully induced using a Cl- pumping rhodopsin HR from the archacon Natronomonas pharaonis
(NpHR)'** and an H" pumping rhodopsin Archaerhodopsin 3 (AR3) from archaecon Halorubrum
sodomense'®. AR3 enabled color-tuning with mutations in retinal-binding pocket allowing the
locomotion paralysis of C. elegans cells upon blue light illumination. As an optogenetics tool, new

functions or characteristic features expands the possibility of application.

NMR studies on rhodopsins

Reconstitution of membrane proteins

Membrane proteins are structurally stable in lipid membrane. Original structure of these
proteins as in the organisms can be reproduced in the lipid membrane with similar lipid composition
and, therefore, mimic membrane is used for the NMR detection. There are various types of lipid
membranes: micelle, bicelle, liposome, lipodisq, nanodisc etc. Liposome is often used for solid-state
NMR analysis of membrane proteins. This is a closed bilayers which is formed when lipids are in
water. The name of liposomes varies after its size: small unilamellar vesicle (SUV), large unilamellar
vesicle (LUV), large multilamellar vesicle (MLV) and giant unilamellar vesicle (GUV) which are
about ~20 nm, ~100 nm, 1000 nm and 10 pum in diameter.!4%!4” For NMR sample, MLV is often used.

Whole structural determination of rhodopsins

Crystallography has been an informative way of showing detailed structures of rhodopsins,
however, whole structural determination by solid-state NMR has been successful in Anabaena sensory
rhodopsin (ASR).'*¥150 Uniformly '3C, '*N-labeled ASR sample reconstituted in lipids was grown on
glycerols labeled at positions 1, 3 or 2, which allowed us to obtain nearly complete backbone and side-
chain *C and >N chemical shift assignments of ASR. 2D '3C-13C correlation experiment with
DARRP!13 3D NCOCX!3415¢ CANCO!7 and NCACX!3¢ experiment with DARR mixing time of
100 ms were applied for signal assignment. Correlation peaks obtained by these methods allows to
assign the residues from the sequence and inter-helically close located residues. Obtained structure of
ASR differed from that in the crystalline environment, especially on B—C loop, helix G, and single

conformation of retinal, indicating that the retinal is in all-zrans conformation in the dark state. Single
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conformation of retinal corresponds to the earlier results.!3

Structural determination for the loops of bacteriorhodopsin by Higman et al. revealed

139 One of the residue from

distinct structure at AB loop in comparison with crystallographic data.
assigned four out of seven residues at AB loop, Ser35, showed B-sheet structure based on the multi-
dimensional NMR measurements of 2D DARR and 3D NCACX, 3D NCOCX, 3D CANCO and 4D
CAN(CO)CX!'%? and TALOS+ predictions!®' although the crystal structure favored the helical

structure.

Trapping of photo-intermediates

In order to clarify the mechanism of photo-activated protein, structural changes during
photocycle needs to be revealed. Solid-state NMR has low time resolution, therefore, methods to trap
photo-intermediates are essential to obtain the structural information. Herzfeld’s group was the first
that reported the structure of cryo-trapped photo-intermediates of bacteriorhodopsin.*®®® Their studies
focus on the retinal conformation and Schiff base protonation and deprotonation. They targeted L-,
early and late M-, and N-intermediates. Samples were illuminated at low temperature directly in the
probe and magnet via a glass optic fiber bundle. The selection of light frequencies is needed for the
preparation of different photo-intermediates which was achieved by inserting glass filters between the
fiber and the light source. A water filter was used to eliminate the heat caused by near-IR components.
Light-adapted bacteriorhodopsin was accumulated at 0°C by illuminating for several hours with white
light. L-, Mo-, My-, and N-intermediate were trapped by illuminating light with 2>610 nm for L-
intermediate and 540 nm for rest three intermediates at -95 to -130 °C, -60 °C, -10 °C, and around -
20 °C, respectively. Mo-intermediate was thermally relaxed to M, and/or N-intermediates at —29 °C
and to light-adapted state at 0 °C for about 1 h and M,, and/or N-intermediates to light-adapted state at
0 °C for about 1 h. Observation of [12,14-'3C]ret, [e-'*C, {-"*N]Lys signals revealed the photo-cyclic
pathway of LA—Mp—(M,+N)—LA and retinal conformation of 13-cis, 15-anti at each intermediates.

The trapped amount of photo-intermediates are limited, especially on the early intermediates
with short life time. To track the photo-conversion from ground state, Griffin’s group applied dynamic
nuclear polarization (DNP) to observation of K-intermediate in bacteriorhodopsin.'>!63 DNP has been
demonstrated to provide large signal enhancements in bacteriorhodopsin in magnetic fields of 5 T'%*
as the greater polarization of electron spins is transferred to the nuclear spins before the NMR
experiment.'9>1% The DNP-enhanced solid-state NMR spectroscopy at cryogenic temperatures has
provided the first NMR observation of the K-intermediate and relaxation to several L-intermediates
of bacteriorhodopsin. The N chemical shifts of retinal Schiff base in theses photo-intermediates
indicate that the Schiff base loses contact with its counterion in K and establishes a new counterion
interaction in L.'®2 2D >N-13C correlation spectra obtained under DNP additionally revealed four

substrates of L-intermediate with one functional and three shunts.'®3
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DNP-enhanced observations of photo-intermediates were reported by Glaubitz’s group and
Oschkinat’s group on other rhodopsins. Glaubitz’s group has been reported the photo-chemical
reaction in green proteorhodopsin (GPR) to show the cryo-trapped K- and M-intermediates. The K-
state was trapped by direct illumination by light transferred via a glass fiber within the DNP probe at
100 K for 40 min. After illumination, the sample was directly measured without further illumination.
The M-state was trapped by illuminating PR-E108Q mutant outside of the DNP probe for 1.5 min
using a 525 nm LED at room temperature and then flash-frozen in liquid nitrogen within the precooled
rotor catcher and transferred into the DNP probe precooled at 100 K. A high M-state population could
be achieved by preventing reprotonation of the Schiff base through a mutation of the primary proton
donor (E108Q). The retinal was labeled at the position of C10-C15 to obtain the detailed

167 3C-13C proton-driven spin diffusion (PDSD) correlation spectra and

conformational change.
double quantum—single quantum (DQ-SQ) correlation experiments allowed chemical shift
assignments of each labeled nuclei. Obtained chemical shifts of C14 and C15 allows to calculate the
dihedral angle at each intermediate by converting the chemical shift to HCCH dephasing curves.!
Glaubitz’s group was also successful in trapping photo-intermediates of ChR2 using DNP-enhanced
photo-irradiation system with transparent sapphire sample tube.'®® Oschkinat’s group was also
successful to trap photo-intermediate of ChR2 with DNP and revealed the retinal conformation at Psog

and P390.170

NMR methods

Basis of nuclear magnetic resonance
The NMR phenomenon

The magnetic resonance phenomenon occurs as a result of the quantum mechanical property
of spin.!”! The spin angular momentum confers a magnetic moment on a nucleus and a given energy
in a magnetic field. The nuclear spin (/) takes /=0, 1/2, 1, 1(1/2), etc. depending on the nuclear mass
number and the atomic number where /=0 when both of them are even, /=n/2 (n=1, 3, 5, ...) when
former is odd, /=n (n =1, 2, 3, ...) when former is even and latter is odd. Frequently used 'H, 13C
and "N are /= 1/2, however, *H, '?C and *N are /=1, 0, 1, respectively. The nuclear magnetic moment,
L, is given by the following equation.

p=ylh

The gyromagnetic ratio, v, is the proportionality constant which determines the resonant frequency of
the nucleus for a given external field. A nucleus of spin I has 2/ + 1 possible orientations in a magnetic
field, which is given by the value of magnetic quantum number my, taking the values of -/, -/ + 1, ...1

- 1, I. When spin-1/2 nucleus is placed in a static field, two orientations of the small magnet
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corresponds to the m; (£ 1/2) which are parallel and antiparallel against the external magnetic field.
The transition between energy levels like these by radiofrequency radiation consequences the NMR
absorption.

In the presence of an applied magnetic field By, the magnetic moment experiences a torque
which is the vector product of the nuclear angular momentum J and the magnetic moment p. This

torque equals the rate of change of the angular momentum.

4 _ X B
dr 14 0
J=1In
Using the equation of u = yIh =y]J,
du
S = X
dt Y X By

Spin takes two states of energy level, parallel and antiparallel to magnetic field (or
mentioned later as up and down spins). The energy between two spins can be expressed as the
following equation. The energy of the interaction is proportional to p and Bo.

E = —yhm;B,
The difference in energy between the two states of the nucleus is
AE = yhB,
Magnetic moment process about the direction of the magnetic field can be described with an angular
frequency as following:
w, = yB, = 2nf,
fo is called the Larmor Precession frequency. This is parallel to Bo, but will be in the opposite direction
if'y is positive.!”? The Larmor Precession frequency of radiation required to cause transitions between
the two levels. This transition is called nuclear magnetic resonance (NMR). The splitting of energy
level is called as Zeeman splitting. The two energy states of a and § will be unequally populated, the
ratio being given by the Boltzmann equation.!”!
Ng — g~AE/kgT
Ng
Chemical shifts
Chemical shift (8) is one of the basic parameters of NMR which is defined as follows.!”!
W — Wy

§= x 10°
Wo

6 is always written in parts per million (ppm). w, is the Larmor frequency in Hz and w is the
resonant frequency of the interest. This shift is caused by induced local magnetic field by change in

electric charges of the electron cloud around a nucleus. Nucleus is shielded, hence, the effective field
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at the nucleus is

Bess = Bo(1—0)
The level of shielding is given by the shielding constant, chemical shift tensor, ¢. This is directly
related to the electron density p at a distance » from the nucleus by Lamb’s equation shown bottom.

4me? [®

f_ Oorp (r)dr

o=
3mc?
The shift tensor o is related to the Larmor frequency, w, and to the chemical shift:

14
Wo = 530(1 - O')

8= 106(Uref - Usample)
An anisotropic C-H bond shows the difference in local magnetic fields of the nuclei. These differences
are reflected in the chemical shift tensor which has main three components of 074, 0,5, 033 and the

isotropic shift tensor gy, is given by:

1
Tiso =3 (011 + 032 + 033)

J coupling
There is an interaction between the nuclei themselves arising from an intdirect coupling
through the electron spins called the spin-spin interaction, or the J interaction.!”? Considering two
environments as A and X, energy of interaction with an external field is
V(my, my) = —hw,my, — hwymy

wa =¥aBo(1—0y)

wx = YxBo(1 — 0gy)
where possible values are

my, My = i%
The modification in the energy causes a further splitting in the energy level system.
V(my, my) = —hw,my — hwymy + hj;xymamy
Whether the last term is positive or negative depending on the values of m4 and myx. w is By dependent;
however, the J splitting is not and expressed in Hertz as % in the equation. The complication in

spectrum can be simplified through decoupling shown below.

Radio-frequency (RF) radiation and the rotating frame
For NMR experiment, in addition to a magnetic moment p processing about the direction of
an external magnetic field By along the z axis with angular velocity ®, small, time-dependent,

additional magnetic field B needs to be considered.!” By is rotating in the x-y plane in the same sense
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and with the same angular velocity as p. In the rotation frame, B, is taken to be along the x " axis.

Of two components rotating with opposite senses, only the component rotating in the same
sense as p has significant effect on it and the other can be disregarded. In the presence of both B and
B1, p obeys the equation

da

77— YmXx(Bo+By)
Transforming to a coordinate system rotating about the z axis with angular velocity in which B; will
stand still,

du dp

=1 xu
dr  ar T eXH

!

) du )
YU x(B0+B1):E+wxu
',
ar T @oXH
o'y =—(w+yB, +vB;)

In the rotating frame, equation of motion of the dipole is

du’ ,
qr TR X Betr

thus

YBegr = (0 — wp) + YB; = —wege

w will be stationary in the rotating frame when w = w¢ and B; = 0. Rotating frame is used to simplify

the calculations.

Relaxation

The obtained magnetization at xy plane after the exposure of RF pulse will return to the
initial state by thermal equilibrium along the z axis.!”! Two main relaxations of longitudinal relaxation
(T1) and transverse relaxation (72) are described as followings.

dM, My-—M,

dte Ty

dM, M,
dt ~ T,

o, _ My
dt T,

After a n/2 pulse, the magnetization precesses about the z axis in the xy plane and the z magnetization

reappears with the time constant 77. 7> relaxation is given as followings: when the magnetization is in
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the xy plane and the phase coherence between the spins in the transverse plane, and loss of this phase

coherence due to mutual exchange of spin energies which gives rise to 7> relaxation.

Decoupling

To simplify the analysis of NMR spectra, decoupling is used to suppress the interaction
between nuclear spins, either the scalar interaction or the direct dipole-dipole interaction.!”? The effect
of a scalar J coupling between two nuclei with different chemical shifts on the NMR spectrum is
caused by the shift in the energy levels of nucleus X between the cases in which the coupling nucleus
A has its spin up and down which results in the splitting of the line of nucleus X due to its J coupling
with nucleus 4. By inducing rapid transitions between the up and down states of nucleus 4, two states
of nucleus 4 are averaged and the splitting of the X line collapses. These decoupling transitions can
be brought by the irradiation of radio frequency at the resonance frequency of the nuclear spin to the
decoupled X. This technique can be applied to identify the nuclei coupled by the J interaction.
Decoupling on a particular nuclear spin gives simplified nuclear spin while others represent multiplets.

For solid-state NMR, this technique can also be used to narrow the broad lines. Broad
linewidth in solid samples is due to the dipole-dipole interaction of the '*C nuclear spin with the
abundant proton spins. Decoupling in the solid state differs experimentally in that the rf power in the
decoupling radiation must be several orders of magnitude higher in order to stir the proton spins over
the wide range of frequencies in the broad line proton NMR spectrum. The '3C linewidth can be
reduced by high power irradiation of the proton spectrum. The heteronuclear decoupling differs from
homonuclear decoupling, for instance, linewidth of proton resonance is reduced by suppressing the

dipole-dipole interactions among protons themselves.

Cross polarization-Magic Angle Spinning (CP-MAS)

Cross-polarization is a technique for increasing the sensitivity in the NMR of sparse nuclear
spins by utilizing those spins’ interactions with a collection of abundant spins such as protons.!”
Population difference between the spin up and down states for the sparse species is increased. In
addition to that, time between successive free induction decays (FID) can be cut down by the
effectively shortened relaxation time of the sparse nuclei.

The mechanism of cross polarization is as followings. In order to obtain narrow peak in
solid-state NMR spectra, a trick of sparse spins is used.'”! For example, '3C interact with another '3C
but in a distance that the term Hsg(6) can be neglected,

Hrorar = Hz +Hs + Hyoy + Hisy + Hrorar
By applying high-power decoupling to the I spins, the total Hamiltonian can be simplified more.
Hrorar = Hz + Hs

Enhancement of sensitivity for the dilute spins can be achieved through a technique called cross-
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polarization. This technique is achieved by polarization transfer from the abundant spins, such as 'H,
to the rare spins, for instance '3C through matching the B; radio frequency fields of the nuclei.
Hartmann-Hahn condition should be fulfilled in this technique known as follows:

YuBin = vcBic
where By is known as the radio frequency spin locking fields. yn is 26.75 X 107 [T-! s”'] and yc is 6.73
X107 [T s711,' hence,

Bip = 4B

which means the sensitivity of the '*C spins are enhanced by the 'H spins by a factor of 4.

Magic angle spinning (MAS) is a commonly used method to increase the resolution of solid-
state NMR spectra.!7"!7* Solid sample requires to average the chemical shift anisotropy and through-
space dipolar couplings for sharp peak whereas in solution, it is averaged to zero by rapid isotropic
motion. The angle satisfying the following equation is 54.7°, which is called magic angle, allows to
average the narrowing facts of the peaks.

3cos?0—-1=0

The static line shape breaks into a group of sharp peaks under magic angle spinning, which peaks are
spaced by the spinning frequency. With increase in MAS rate exceeding the magnitude of the
anisotropic interactions, sharp signal appears at the center of the band with less number of side bands
of the signal and no side decreases when the MAS frequency is large enough than the static linewidth.
Value of the common anisotropic interactions are followings: 'H-'H dipolar coupling, 60 kHz (CHs
group); *C-'H dipolar coupling, 23 kHz (directly bonded CH pair); *N-'H dipolar coupling, 11 kHz
(directly bonded NH pair); '*C-13C dipolar coupling, 3 kHz (directly bonded CC pair); '3C CSA, 100
ppm (carbonyl)/10-20 ppm (aliphatic); "N CSA, 100 ppm (amide N).

'H Cross Decoupling
Polarization
13C Cross
Polarization {\ /\
A

e

Figure 6. Pulse sequence of CP-MAS.
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Proton-driven spin diffusion (PDSD) and dipolar-assisted rotational
resonance (DAAR)

13C-3C Proton-driven spin diffusion!”>!7¢ and dipolar-assisted rotational resonance
(DARR)!31-153 are two-dimensional NMR experiment. These methods allows a coherent polarization
exchange between coupled '*C spins in the presence of the dipolar couplings to the 'H bath, which
provides the energy necessary for the transfer. Longer mixing time enable the detection of long-range
contacts in the polypeptide chain (Table 1). The signal intensity of the cross-peaks contains the
information about internuclear distances. PDSD and DARR methods are similar except that the rotary-
resonance 'H irradiation during mixing time to enhance the through-space spin diffusion.

The theory of DARR method can be described as followings.!'3? The system of DARR can
be considered to be composed of two dipolar-coupled '3C spins (Si and S») and one 'H spin (/). The
homogeneous broadening originated from the other 'H spins increases the efficiency of the *C-13C
polarization transfer. But the other 'H spins are not explicitly treated as they are not directly related to
the 3C-13C recoupling mechanism. The chemical shift anisotropy interaction was neglected and the rf
field with the intensity v, is applied to / spin on resonance. The 3C-'H interaction for the second S
spin (S») is supposed to be negligible. In the double rotating frame, the total spin Hamiltonian consists
of the Zeeman interaction,, the '*C->C dipolar interaction F3°(t), and the *C-'H dipolar
interaction H55(t) as

H =H, + H5(t) + HE(©)
with
Hy =A1Sy + 48,5, + i1,

1
HS(t) = d(t) {512522 2 (S1452— + 51—52+)}

HEE) = D(t)S141,
where A, is the resonance offset of the S,, spin, and
d(t) = dofg1(ag, Ba) cos2mvgt +vq) + gz (ag, Ba) cos(4mvgt + 2y4)}
D(t) = Do{G1(ap, Bp) cos(2mvrt + yp) + Go(ap, Bp) cos(4mvgpt + 2yp)}
Here, do and Dy are the dipolar coupling constants for *C-'3C and '*C-'H, respectively, vr is an MAS
frequency, and (a4, B4, y4) and (op, Bb, yp) are the Eular angles describing the orientation of the S1-S>
and the S1-/ internuclear vectors in the rotor-fixed frame, respectively.

The total Hamiltonian is transferred into the interaction frame defined by the unitary
transformation shown below when the rotary-resonance condition is n = 1 among two conditions of
two rotary-resonance conditions of vi =nvr (n =1 or 2).

U = exp(2miv,Ixt)
This transformation affects to only the '3C-'H dipolar interaction, thus, zeroth-order average

Hamiltonian is obtained as following:
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% =1D;S;
with
D, = %D0G1 (ap, Bp)cosyp
by replacing I, by +£1/2. Dy represents the recovered '3C-'H dipolar coupling. The total Hamiltonian is
further transformed by the unitary transformation
U = exp[2mi{(A; + D;)S;z + A;S27}t]

Thus, the *C-3C dipolar interaction Hj3>(t) in this new frame is given by
—— 1
Hgs(t) = d(t) Slzszz - Z {51+52_ exp(ZTL'lAt) + 51_52+ eXp(—ZT[lAt)}

with
A=A, + D, —A,
'H decoupling applied eliminates D;, leading to the rotational resonance (R?) recoupling condition of
Ay —Ay,=mvg (m=41,42,..) in the conventional rotational resonance whereas in the present
case, the non-zero '*C-'H dipolar coupling modifies the conventional R? condition as
A+ Dy — Ay=mvg

This corresponds to a situation that one of the spinning side bands of S, overlaps the '3C-'H dipolar
powder pattern of Si. This recoupling is referred as the dipolar-assisted rotational resonance recoupling.

The pulse sequences of PDSD and DARR are shown in Figure 7 and Figure 8, respectively.

H Cross Decoupling Decoupling
Polarization
13C Cross K )
Polarization < S>ER< > ‘\ /“\ /\ >
IAVAYS

v
Mixing time \)

Figure 7. Pulse sequence of PDSD.
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'H Cross Decoupling Decoupling
Polarization

13C Cross X )

Polarization < S>EN< >

>
>

AVAVS

Mixing time

i Y
e

Figure 8. Pulse sequence of DARR.

Table 1. Correlation between length of mixing time and the observable '3C-*C distances (A) [174]

Mixing time (ms) | Strong Medium Weak
50 33 4.5 5.6
100 4.5 5.1 6.3
200 4.8 5.7 7.0
300 53 6.1 7.5
400 5.5 6.4 7.9
500 5.8 6.7 8.2
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Optical fiber

Figure 9. In-situ photo-irradiation solid-state NMR.

(Left) optical fiber connected to LED source is lead into probe and light goes directly into sample tube
through glass cap. Adapted from [178]. (Middle) Sample tube and glass cap. (Right) Light irradiation
through glass cap when no sample is inside the sample tube.

In-situ photo-irradiation solid-state NMR

In-situ photo-irradiating solid-state NMR is a way to trap intermediates by controlling on/off
of LED light from outside of probe.!””"!7° As shown in Figure 9, optical fiber connected to LED source
is lead into probe and light goes directly into sample tube through glass cap. Since switch for LED is
outside of the probe, light irradiation control can be done without taking sample tube which means
measurements can be done continuously without changing conditions. Light wavelength is changeable

among 520 nm, 595 nm and 365 nm by switching light source one to another.
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Interactions at retinal-binding pocket
in KR2

Introduction

Cation transportation into/out the cell

Ion transportation from inside and outside of cell to another is essential for biological
activity since the concentration gradient i.e. electric potential at membrane are used for signaling
transfer etc. Several membrane protein conduct the cation transportation, such as Na*/K*-ATPase, ion
channel and ion pump. Among these membrane proteins, rhodopsin family conducts these functions
by using light as an energy source. Ion transporting rhodopsins are classified roughly into H" pump,
CI' pump, Na*/K*/H* channel. Recently a new group was added to the rhodopsin family called Na*
pump and rhodopsins in this group are called NaR. So far 12 NaRs were found, namely, Krokinobacter
eikastus 2 (KR2), Dokdonia sp. PRO95'07180-183 " NdNaR2 from Nonlabens (Donghaeana)
dokdonensis'®>'®%, GLR from Gillisia limnaea'3>'®, FdNaR from Flagellimonas sp DIK!8¢187,
NMR?2 from Nonlabens marinus'3®, NyNaR  from Nonlabens sp. YIK'3%!87 [qNaR from Indibacter
alkaliphilus'%318%183.18 " Desulhohustis sp. PB-SRB1'%7, T¥rNaR from Treupera radiovictrix'83:187-190,
Micromonospora sp. CNB 394-2, Salinarimonas rosea DSM21201 (SrNaR), and Lyngbya aestuarii.

These NaRs have conserved N-helix.

First-found sodium ion pump, Krokinobacter rhodopsin 2

First-found sodium ion-pumping rhodopsin Krokinobacter rthodopsin 2 is a microbial
rhodopsin (type D)!°! extracted from marine flavobacterium Krokinobacter eikastus.'>'> This
bacterium possesses two rhodopsins, Krokinobacter thodopsin 1 (KR1) and KR2, which pump protons
and sodium ions, respectively, but the latter also pumps protons at low NaCl concentrations.'?
Although other sodium ion-pumping rhodopsins have been reported,!8>!184185194 crystal structures
have been determined for only KR2 (Figure 10).'3%!% Functions of thodopsins are related to sequences
that are proximal to retinal. Bacteriorhodopsin (BR)-like proton pumps have DTD motifs with Asp85,
Thr89, and Asp96 residues.!*® Whereas Asp85 works as a counterion of the Schiff base, Asp96 takes
a proton from the cytoplasmic side. The corresponding residues in sodium ion pumps are known as
Asn, Asp, GIn (NDQ) motifs and comprise Asnl112, Asp116, and GIn123 in KR2 (Figure 11).!¢ In

contrast with those in BR, Asp116 functions as a counterion and is located one helical pitch toward

the cytoplasmic side.
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Figure 10. Crystallographic structure of KR2.

(Left) KR2 forming pentamer holding Na® between each protomer (PDB code: 4XTO). View from
extracellular side. Purple sphere represents the bound Na*. (Right) Structure of KR2 monomer (PDB code:
3X3C). Retinal is shown in pink in the middle of helix bundle.

Q123

Interaction with
Schiff base

D11
At acidic pH \® i
L]

Interaction with . :'
Asn112 and Ser70 ' '

6 At neutral pH
24

N112

Figure 11. NDQ motif in KR2 and conformation of Asp116 at neutral and acidic pH.
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Pumping assay and ion selectivity

Dual-functional KR2 were proved as shown in Figure 12. The experiment was conducted
by observing the light-induced pH change of solution with E.coli cells which target proteins are over-
expressed. KR1 in 100 mM NaCl showed pH decrease under light-irradiation and no change with
addition of protonophore, carbonylcyanide-m-chlorophenylhydrazone (CCCP). CCCP destroys the
proton gradient created in a living cell membrane, thus, increase in pH change in pump assay indicate
the secondary proton movement across the membrane. The decrease in pH reveals the acidification of
solution was induced by the proton transportation to extracellular side under light. KR2, on the other
hand, showed increase in pH with light and further increase with addition of CCCP. Addition of both
protonophore, CCCP, and ionophore, tetraphenylphosphonium bromide (TPP*), induced no pH change
which suggests the transportation of non-proton ion. By the ion alteration in solution revealed that

KR2 transports Na*. Furthermore, KR2 in 100 mM KCl1 showed similar pattern as KR1 showing that

Light i~ Light
on - = T~ off
NaCl n - SO +CCCP
Light a” % o
NaCl -
2 L
Q - -
= A _ - + CCCP
L o NaBr = e -/ -
2 | Light Z
T on +CCCP, + TPP* |
Q -
< - o | ~
+ CCCP | 0 e _ *+gocP
’ s
T T Na,SO, i \
50, +
- Y + CCCP, + TPP
0 200 400 600 2 /
3
. wn
Time (s) = +/CCCP
T | ua
5

i >
- Nac' \ RS
kol +CCCP

o S A

= CCCP d———————— - - — -
g i L|ght RbCl +CCCP
x | on Lgt | == @ —fmommm—mmmd--—=- bos s
cscl _/?c’c:

CCCP + TPP*

T T !
0 200 400 600 T T T
0 200 400 600

Time (s) Time (s)

Figure 12. Pumping assay of KR1 and KR2 and ion selectivity of KR2.

(Left top) Pump assay of KR1 in 100 mM NaCl without (blue) and with (green) CCCP. (Left bottom)
Pump activity of KR2 in 100 mM NaCl without (blue) and with (green) CCCP and with CCCP+TPP™*
(orange). (Right) Pump activity of KR2 in solutions with various ions. Adopted from [12].
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proton transportation is occurring in this solution. Alteration of alkali metal ion revealed the ion
selectivity of KR2 that Na* and Li* are transportable, but not K* or larger alkali metal ions and instead
pumps proton.

Ion selectivity among alkali metal ions is also controlled at the cytoplasmic side. Konno et
al. showed that pore formation with Gly263 and Asn61 at the cytoplasmic side prevented entry of K*
or larger ions into the protein. In addition to Na* pump, Li* pump was observed in LiCl indicating that
the water molecules bound around ion are taken off when ions are taken up to the protein since
hydrated radius of Li* is larger than that of Na*. The mutation to G263 and N61, G263F/N61L mutant,
in which mutant the entrance was expanded by the induction of bulky residues, allowed uptake of

197 Only the change at cytoplasmic side enabled the Cs* pump, retinal-

larger ions such as cesium.
binding site and extracellular side can adapt larger ions to pump. The space at extracellular side is
large enough to allow the iodide ion binding as was observed in iodide-single-wavelength anomalous
diffraction (I-SAD),'?® hence, ion selectivity can be controlled at the cytoplasmic side.

Although the ion selectivity of alkali metal ion is size dependent, the selectivity in Na* and
proton remains unclear. The pump activity assay of WT-KR2 revealed the increase in pH when light-
irradiated under CCCP-contained solution compared to that without CCCP.'? The transporting ion can
be mainly determined by the concentrations of proton and Na*. The kinetics of M-intermediate was
observed in time-dependent absorption change to reveal the two separate photocyclic pathways for
proton and Na* pump.!3 At the relaxation of M-intermediate and formation of O-intermediate, protons
or sodium ions are taken up which was well shown by the accelerated O formation at high NaCl
concentration.!? The rate constant for proton pump was much larger than that for Na* pump at neutral
pH; ku/kna was 8700 at pH 8.0, 8600 at pH 7.0 and 7200 at pH 6.4. The midpoint NaCl concentration
(CM) was 90 pM at pH 8.0 and increased at lower pH.!** The similar competitive uptake of proton
and Na* was reported in Gillisia limnaea thodopsin (GLR) where GLR does not pump proton, thus,
uptaken proton is soon released to the same side i.e. cytoplasmic side.'®> The equilibrium of the
competitive transportation of these ions, however, is biased to pump Na* dominantly in marine salt

condition where concentrations of proton and sodium ion are 1 X 10 M and 0.5 M, respectively.

Mutational and spectroscopic studies on KR2

Kinetics on the photocycle of KR2 was shown by flash-photolysis.!? Sample reconstituted
in DOPC membrane and suspended in 100 mM NaCl at pH 8.0 showed K-, L2M-, O-intermediates
with their time constants of 26 =3 ps, 1.0 £ 0.1 ms, and 7.9 + 0.3 ms and 112 + 13 ms, respectively,
The sample reconstituted in nanodiscs showed similar results of 40 us, 1.2 ms, and 3.7 ms and 30 ms
for the life time of K-, L/M- and O-intermediates, respectively.!”® H" pumping photocycle in 100 mM
KCl at pH 8.0 is completely different showing only K-, L-, and L2M&20O-intermediates based on the

calculation from transient absorbance change at 525, 420, 472 and 605 nm.'?
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Photocycle and sodium-ion pumping mechanism of KR2

Before the crystal structure was solved, NaR was guessed to possess sodium ion binding site
as chloride-pumping NpHR has binding site at retinal Schiff base. This type of binding can be detected
by maximum absorption wavelength where NpHR showed change of > 20 nm.??® Contradictory, no
color change was monitored for KR2 (523.7 nm in the existence of 100 mM NaCl and 522.6 nm in
the absence).!? These data suggested the binding site is in distant from retinal.

For these reasons, acidic and possible amino residues were targeted of mutational studies.
Measurement of ATR-FTIR upon exchange of 50 mM NaCl/KCl revealed the spectral change in some
mutants such as R109A, D116N, D251N, N112D, BC-loop and H30A. Here, each loops were
introduced D/N and E/Q mutations.

Retinal absorbs light and triggers retinal conformational changes, followed by structural
changes of functional residues around retinal that result in pumping of sodium ions. These structural
changes comprise a cyclic pathway that follows formation of K, L2M, and O intermediates through
flashphotolysis in the presence of Na*.!> Mutational and crystallographic studies suggested that an
interaction between the protonated Schiff base and the counterion Aspl16 plays a key role in the
pumping function. In addition, Fourier transform infrared spectroscopy (FTIR) studies showed
differing frequencies of N—D stretching of the KR2 Schiff base compared with that from BR,
indicating a slightly stronger hydrogen bond between Asp116 and the Schiff base.?’! Formation of the
J intermediate proceeds quickly after photoexcitation and is involved in the isomerization of
chromophores.?*? Subsequently, the Schiff base proton is transferred to Asp116 at the M intermediate,
followed by flipping of the Aspl116 side chain to form hydrogen bonds with Ser70 and Asnl12.
Sodium ions are then taken up from the cytoplasmic side, while the electrostatic barrier around the
Schiff base is removed and bind temporarily to Asp251 and Asnl12 at the O intermediate.'$>!%
Protonated Asp116 then returns the proton to the Schiff base, thus preventing the back flow of sodium
ions to the cytoplasmic side. Transportation of sodium ions might be hampered by the positive charge
of Argl09, although additional inversions may allow the transfer of sodium ions to the extracellular
side. The Na™ releasing site at extracellular side of the protein is completely shielded by the N-helix
with some displacements in extracellular loop 1 (ECL1).!" The acidic residues at extracellular side,
Glu160 and Arg243, homologous to Glu194 and Glu204 in bacteriorhodopsin, do not affect Na™ pump
as revealed by E160A and R243 A mutants, thus, suggesting a different pathway from H. salinarum
bacteriorhodopsin (HsBR) or halorhodopsin (HsHR) for Na* release and large conformational changes
of N-helix and/or transmembrane region during photocycle.

Na* translocation was shown by molecular dynamics (MD) simulations as well that Na™ putatively
binds to three sites during photocyclic pathway: GIn123, Ser60 and Ser64 at cytoplasmic side in the
K/L state, Asp116 in the K/L state, and Asn112 and Ap251 in the M state.??* They additionally showed
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the movements of water molecules in the helix bundle and helices at cytoplasmic side during K/L to
M transition that the water connectivity between cytoplasmic and extracellular side is broken by
Leul20 and the distance between intracellular terms of helix B and G got shortened. The pump
mechanism in KR2 is described as Panama Canal model as two gates control the ion translocation,
Aspl16-Schiff base interaction and Argl09, but the energy level change differs at state 7-to-8
transition.2%4

KR2 functions both as a sodium ion pump and as a proton pump, and these pump functions
are in competition. Specifically, the rate constant for Na™ uptake is much smaller than that of H" uptake.
However, at higher sodium concentrations, sodium ion pumping becomes the major activity.'??
Following mutation of the NDQ motif in KR2 to a DTD motif with additional residues at extracellular
Na*-binding sites, the N112D/D116T/Q123D/D102N KR2 mutant lost Na* pumping functions and
was converted to a H" pump in the presence of high concentrations of NaCl.!"* Hence, the NDQ motif

and sodium ion-binding site at the extracellular side are essential for the Na* pumping function.

Application to optogenetics

KR2 works as an inhibitory optogenetics tool, like HR and AR3. This was tested by various
means.'®? Robust outward photocurrent was evoked when green light exposed with voltage-clamp
recordings independently to the voltage. Under current-clamp mode conditions, injected rectangular
depolarizing current evoked repetitive spikes. The generation of an action potential was completely
blocked during the green light irradiation where the membrane potential was hyperpolarized by KR2-
activation. The stable KR2-mediated inhibition of spiking remained effective for more than one minute.
A KR2—Venus fusion protein expressed Caenorhabditis elegans neurons for the examination of neural
activity control in vivo showed the slowed forward locomotion by green light illumination, suggesting
the decreased neural activity by the KR2 photoactivation under the experimental conditions. This is
the first example of the successful application of a eubacterial rhodopsin to optogenetics.

Further characteristics of KR2 for application were tested as well as other 12 sodium-ion
pumping rhodopsins (NaR).'®” A whole-cell patch clamp measurement using mammalian cells,
ND?7/23, and enhanced green fluorescent protein (eGFP)-tagged NaRs, revealed that KR2 exhibited
small photocurrent in the range of 1 to 2 pA, which is similar to other two NaRs and rather weak
compared to other six NaRs showing >10 pA. This result is in agreement with the weak fluorescence
signals at the plasma membrane showing the poor membrane expression. Like previous report that
KR2 constructs carrying an endoplasmic reticulum (ER) export signal and enhanced yellow
fluorescent protein (€YFP) exhibited larger photocurrents in cortical neurons and cultured cells, !’
replacement of the C-terminally fused GFP to an ER export signal and eYFP allowed the larger
photocurrents compared to the original construct of KR2-eGFP.

Similarly to the various channelrhodopsin variants, KR2 variant with altered ion selectivity
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was engineered.'®3 Two residues forming the intracellular vestibule, Asn61 and Gly263, were mutated
to see the function. One of the variants with double mutation N61P/G263W preferentially transferred
K* over Na*. Although the K*/Na* selectivity ratio is still not very high (1.17 = 0.15), this works
more efficiently as a K™ pump in vivo because of its ten times higher concentration of K* than that of
Na™. This is a first example of light-driven K* pump, thus, provides a further possibility of expanding
their applications of KR2 variants.

The chimeric NaR of KR2 and /aNaR, [;K¢NaR, exhibited some improvements in the
membrane targeting and photocurrent properties over native NaRs.'®? [;K¢NaR is a chimera protein
which combined trans-membrane domain (TMD1) (Metl-Val52) of /aNaR and TMD2-7 (Asp54-
Ser280) of KR2. The [;K¢NaR-expressed cortical neurons were stably silenced by green light
illumination for a certain long duration. With its rapid kinetics and voltage dependency, photo-
activation of /1KsNaR would specifically counteract the generation of action potentials with less
hyperpolarization of the neuronal membrane potential than KR2, thus, it would be a potential

candidate of the effective optogenetic neural silencer with minimal influence on the ionic/pH balance.

Understanding of retinal-binding pocket

Microbial rhodopsins have functionally important residues around retinal that transmit
signals of changes in retinal conformation to the protein side. Previous crystallographic studies
revealed the presence of Asp116 and Asp251 near the retinal Schiff base. In subsequent investigations,
mutation of Asp116 to Asn caused a wide shift in the maximal absorption wavelength from 524 to 570
nm.'% In addition, a D116N mutant lost pumping activity,'? indicating that Asp116 is requisite for the
function of this transporter. In addition, X-ray crystallographic data demonstrated that Asp116 takes
varying conformations at neutral and acidic pH, and Asp116 formed hydrogen bonds with Ser70 and
Asnll12 at pH 4.0 and faced away from the Schiff base. At low pH, the counterion is protonated and
shows an M-like structure. In contrast, after samples had been soaked in pH 7.5—-8.5 buffer, ~35% of
Aspl16 residues faced the Schiff base and the other 65% took the same conformation that they did
under acidic conditions.'® Hence, conformations of Asp116 are highly dependent on pH, although the
ensuing mechanisms remain poorly characterized. Gushchin et al. recently showed that Asp116 is
flipped away from the Schiff base in the ground state.?%> Flipping of the counterion suggests that this
conformational change is characteristic of KR2 during photocycles (Figure 13). The second Asp
residue near the Schiff base is Asp251 and is located opposite Aspl116 (Figure 14). The side chain of
Asp251 is less mobile under varying pH conditions and forms hydrogen bonds with Tyr218 and
Argl09, either directly or via water molecules.'®*!% Mutational studies indicated losses of the
pumping ability of D251N similar to those observed for D116N,!? which is unusual considering that
BR D212N remained active.?°627 Therefore, unlike in other rhodopsins, Asp251 is essential for the

sodium ion pumping function of KR2 (Figure 14).
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The residues interacting both with Asp116 and Asp251 during photocycle is Asn112. The
mutational study of this residue replacing with 19 different amino acids revealed the importance of
Asn112.2% The mutants of this residue can be classified into three phenotypes. One phenotype is WT-
like Na*/H" compatible pump which was seen in N112D, N112G, N112S and N112T mutants. These
four mutants pump H" even in 100 mM NaCl, the competition of Na* and H" pumps are biased
probably caused by the increased efficiency of proton uptake. Another phenotype is exclusive H*
pump, which was seen when replaced by A, C, P, V, E, Q, L, I, M, F and W. Replacement of Asn112
to non-hydrogen bonding amino acids, A, C, P, V, L, I, M and F, possibly lacks hydrogen bond with
Aspl16 and does not open the gate for Na™ transportation. Insertion of bulky residues, such as F and
W, largely changed structure of active center to pump only small amount of proton whereas N112E
and -Q showed proton pump activity. This suggests the length of the side chain influences on the gate
opening at M-intermediate and stable environment at O-intermediate. The other phenotype showed no
pump activity which consists of N112H, -K, -Y and —R. In spite of the presence of proton acceptor,
D116N, proton transfer from Schiff base to Asp116 did not occur possibly because of the formation
of hydrogen bond with Asp116 which presumably lowered pK, of Asp116.
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Figure 14. Structure of the retinal-binding pocket.

(a) Top view and (c) side view of Krokinobacter rhodopsin 2 (KR2, Protein Data Bank entry 3X3C).
One of two rotamers of Asp116 is shown. (b) Top view and (d) side view of bacteriorhodopsin (BR,
Protein Data Bank entry 1C3W).
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Rhodopsins studied by solid-state NMR

Solid-state nuclear magnetic resonance has been used in structural analyses of less mobile
proteins, such as membrane proteins. Hence, structural determinations of whole protein and
functionally related local conformational changes have been performed. Among these, structural
determinations of Anabaena sensory rhodopsin were performed using three-dimensional chemical
shift correlation techniques and showed the whole structure in a lipid environment. '3 In addition, Park
et al. determined the structure of seven-transmembrane chemokine receptor CXCRI1 in a lipid
environment.?”” To observe local changes in conformation, retinal and other residues are used as
probes for local structural changes during photocycles. Accordingly, Lakshmi et al. demonstrated
chemical shifts of retinal in BR in the ground state and in photointermediates.?!* Similarly, Ahuja et
al. and Eilers et al. studied TyrC{ in bovine rhodopsin and showed changes in hydrogen bond strengths
of some Tyr residues in the active state.?!!*!2 These studies indicate the utility of TyrC{ NMR signals
as probes for determining hydrogen bond strength.?!>2!5 Thus, in the study presented here, we

observed a hydrogen bonding strength of Tyr218 with Asp251 in KR2 using TyrC{-labeled samples.

Aim

To reveal the sodium ion pump mechanism fully, we need to reveal the photo-induced
structural change of retinal-binding pocket addition to the data shown here. Some residues are
speculated to change dramatically at the M- and O-intermediate where Schiff base becomes
deprotonated and sodium ion is taken up close to retinal at M-intermediate and then it binds to Asp251
and Asnl12 at the O-intermediate. Relaxation time constants are 1.0 ms for the M-intermediate and
7.9 ms and 112 ms for the O-intermediate in DOPC membrane revealed by flash-photolysis.!? We have
been reporting the method of trapping photo-intermediates using in-situ photo-irradiation solid-state
NMR. This method allows the continuous irradiation of light to microbial rhodopsin sample during
measurements, thus, enables to trap intermediates steadily.!’®17>2!¢ With this method, we try to
understand the structure of KR2 at photo-intermediates to investigate the sodium ion pump mechanism
further.

Materials and Methods

Sample preparation
Culture, expression and purification
KR2 samples with six histidines at the C terminus were overexpressed in Escherichia coli strain

C41(DE3) cultured in M9 minimal medium and then purified. To perform NMR analyses, we labeled
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samples with stable isotopes to obtain [14,20-3C]retinal, [U-'*C]Asp, [phenol-4-'3C]Tyr, [6-'3*C]Lys
WT KR2 and [14,20-3C]retinal, [1,4-'3C]Asp, [phenol-4-'3C]Tyr, [7-"*"N]Lys WT KR2 (Figure 15).
For comparison with acidic WT, [14,20-"3C]retinal, [phenol-4-'3C]Tyr, and [7-'>N]Lys D116N KR2
were prepared. Expression was done with three steps of culture: 19 hours of pre-culture with 100 mL
M9 medium with freeze stock of KR2 transformed E. coli in 300 mL flask without baffles, 22 hours
of main culture with 1 L M9 medium and 10 mL of bacterial solution from pre-culture in 2 L flask or
2 L medium with 20 mL of bacterial solution in 3 L flask. Induction was done when O.D. value was
at 0.5, which was 7 hours from the start. Before induction 100 mg of labeled amino acids ([phenol-4-
B3C]Tyr, [7-1°N]Lys) in 1 L medium were mixed into media and at the induction point 1 mL of 0.1 M
IPTG, 500 pL of 10 mM [14,20-3C]labeled retinal was added. Shaker was set to 180 rpm, 37°C for
pre-culture and babbling was used for main culture instead of shaker in an incubator at 37°C.

The protein was solubilized in 1~2% n-dodecyl-b-D-maltoside (DDM) and purified via Co-
affinity column chromatography. Buffer used for washing and elution were followings: For washing
the buffer of 3 M NaCl, 500 mM Imidazole, 500 mM MES, 1% DDM, pH 6.5 was used. For elution
the buffer of 300 mM NaCl, 300 mM Imidazole, 50 mM tris(hydroxymethyl)aminomethane (Tris)-
HCL, 0.1% DDM was used. Buffer was changed by dialysis using dialysis buffer of 300 mM NaCl, 50
mM Tris-HCI, 0.05% DDM and kept in refrigerator before reconstitution into lipid membrane.

Samples were separately reconstituted into widely used 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE)/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho(1'-rac-glycerol) (POPG)
membranes (3:1 POPE:POPG ratio, 1:20 protein:lipid ratio) (Figure 16) for the study of the bacterial
membrane proteins as previous work characterizing KR2.193217-213 Liposome was prepared with buffer
of 100 mM NaCl, 10 mM Tris- H3PO4, pH 8.0. Subsequently, samples were suspended first in 20 mM
Tris-H3PO4 buffers at pH 8.0, 6.0, 5.0, or 4.0 with 200 mM NacCl or in 20 mM Tris-H3PO4 buffer at

Asp251

[Phenol-4-13C]Tyr218

]

[6-13C)/[7-"5N]Lys255

$ Asp116
[20-'3C]Retinal

[14-13C]Retinal

Figure 15. Labelling position at retinal-binding site.
Spheres represent the '*C (yellow, light blue and pink) or N (blue) isotope labeled position.
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Figure 16. Molecular structure of POPE and POPG.
(Top) 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine. (Bottom) 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho(1’-rac-glycerol).

pH 8.0 with 200 mM CsCl, then, exchanged with 10 mM Tris-H3PO4 buffers at pH 8.0, 6.0, 5.0, or
4.0 with 100 mM NaCl or in 10 mM Tris-H3PO4 buffer at pH 8.0 with 100 mM CsCl.

Media protocols
Components of media for E. coli culture is shown in Tables below.

Table 2. Components for LB medium (per 1 L medium)

NaCl 10g
Bacto-tryptone 10g
Yeast extract 5¢g

Table 3. Components for M9 medium (per 1 L medium)

NaCl 05¢g
Na,HPO4 7g
KH,PO, 3g
Biotin 20 mg
Thiamine 20 mg
10 mM FeCl3 128 L
1 M MgSO;4 1 mL
50 mM MnCl, 1 mL
[U-13C] Glucose 2¢g
[SN] NH4CI 05¢g
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UV-Vis characterization
Lambert—Beer law is the easiest way to calculate concentration of purified protein by comparing
the intensity of incident light and transmitted light. The difference between these intensities,
absorbance [-], is shown bottom.
A= —logi = log[—0
Iy I
Here, I, is intensity of incident light and I is that of transmitted light. The ratio of these two are

termed as transmittance, T [%].

I
T =—x100
Iy

In order to obtain concentration from absorbance value, equation bottom is used.

A} =¢g;cl

= IOgIO(—/l)
g€, [mol! « L + cm'] is molar extinction coefficient as cell length, [ [cm] and sample concentration,
¢ [mol/L] are used.

Sample for NMR measurement were calculated as followed. Purified bacteriorhodopsin is kept in
HEPES buffer solution. Sample are diluted 10 times with buffer for UV-Vis measurement and put into
cuvette. White light is irradiated to diluted sample and absorbance spectra is obtained. There is peak
with maximum absorbance around 525 nm which is from retinal in KR2 (Figure 17). Absorbance
value is applied to the equation above:

AQ) = gl
10 X Abs = 50000 X ¢ x 1
Molecular weight of KR2-WT is about 32000 [-]*! and molecular extinction coefficient of KR2-WT
is 50000 [mol™! « L + cm']'?; therefore, yield of the protein can be obtained as follows.

V [L] x ¢ [mol/L] x 32000 x 103[g/mol] = Yieldkg, [mg]

1.2

1

0.8 -

0.6 -

Abs [-]

0.4 -

0.2

0

2?0 300 350 400 450 500 550 600 6+0
-0.2

Wavelength [nm]
Figure 17. UV-Vis spectrum of solubilized KR2.
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Solid-state NMR measurements

Reconstituted samples at pH 8.0, 6.0, 5.0, and 4.0 were concentrated by centrifugation and
separately packed into 4.0 mm zirconia rotors after washing more than three times with 20 mM Tris-
H3PO4, 200 mM NaCl buffer at targeted pH and then washed more than three times with 10 mM Tris-
H3PO4, 100 mM NaCl buffer at targeted pH to exchange buffer fully. '*C or ’'N NMR experiments
were then performed at 278 K, and the magic angle spinning (MAS) speed was adjusted to 10.0 kHz
on a Bruker Avance III spectrometer operated at 14.1 T (600 MHz as the 'H Larmor frequency) with
an E-free probe. 3C CP-MAS, "N CP-MAS, and 3C-'3C dipolar assisted rotational resonance
(DARR) two-dimensional NMR'*!:152 were applied with a mixing time of 500 ms'7+?%0 at each pH,
and 64 points in the fl dimension and 2048 points in the f2 dimension were acquired. Data for the
sample with Tris-CsCl buffer were obtained using PDSD at 283 K. Spinal 64 proton decoupling??! of
80 kHz was employed during acquisition. '3C chemical shifts were referenced to the carbonyl
resonance of glycine powder at 176.03 ppm [tetramethylsilane (TMS) at 0.0 ppm], and 'N chemical
shifts were referenced to Gly powder at 11.59 ppm (NH4NO3 at 0.0 ppm?22).

Results and Discussions

Signal assignment of >C—13C correlation peaks and retinal configuration.

In order to understand structure of retinal-binding pocket, we applied DARR to KR2 sample.
DARR is a way to observe the magnetization transfer between '3C nuclei.!>!!5? Mixing time was set
to 500 ms which allows to pick signals of labeled atoms in a distance of ~7 A in order to observe *C—
13C correlation peaks of retinal with Tyr, Asp and Lys residues. This allows selective and specific
observation of the structure in the vicinity of retinal by detecting magnetization transfer from retinal
to nearby amino acids in spite of the fact that not only purposing amino residues but also all Tyr, Lys
and Asp residues in KR2 are labeled during overexpression process of E. coli.?*° Figure 18(a) shows
correlation peak between retinal C20, retinal C14, TyrC{ and LysCe at ground state at pH 8.0.
Correlation peaks between retinal and TyrC( or LysCe are assigned as Tyr218 and Lys255 (Table 4)
based on the structural information from crystallographic data. Clear correlation peak of Asp was not
observed. Formerly, the correlation peak between His75-Asp97 in [U-'*C]His and [1,4-"*C]Asp-
labeled GPR has been successfully observed even though Asp scrambled to some other residues.??
Thus, it can be detected with NMR, but we were unable to observe due to reduced isotope-labeling
efficiency by the scrambling effect.

We used [14, 20-13C]labeled retinal as C20 is a good probe for 13-cis/trans conformation
change and C14 for 15-syn/anti.*** Typical chemical shift of retinal C20 is about 13.0 ppm for all-
trans and about 22.0 ppm for 13-cis, 15-syn at ground state. As for C14, retinal with all-trans
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conformation shows peak at around 120.0 ppm and the one with 13-cis, 15-syn shows peak at about
110.0 ppm.'® DARR spectra in Figure 18(a) shows correlation peaks of C20 and C14 at 14.2 ppm
and 120.5 ppm, respectively; hence, we assigned retinal conformation of KR2 at ground state to be
all-trans, 15-anti form. Chemical shift of retinal did not change at neutral and acidic pH.
Additionally, we observed the D116N mutant for comparison with acidic WT, which showed retinal
peaks at 13.2 and 119.8 ppm for C20 and C14, respectively (Figure 19).

DARR spectra also gave information about ['3Cg]Lys255. The chemical shifts of this are
52.05 ppm at pH 8.0. No significant change in chemical shift upon pH-change was observed. In the
case of BR, all-frans, 15-anti retinal and 13-cis, 15-syn retinal at ground state showed peak at 53 ppm
and 48 ppm, respectively.??® This indicates that retinal conformation in KR2 is all-trans, 15-anti, but
the chemical shift is 1 ppm towards that of 15-syn conformation.

Chemical shifts of retinal C20, C14 and Lys255Ce did not change by acidification (Figure

18(b)). This is corresponding to the case of bacteriorhodopsin showing change in chemical shift of

Tyr218 Retinal C14
(@ >
@
14.2 4 m Retinal C20
52.11 Lys255
£ 0 y
g :
PE 0 a0
& 12054 . 2 Retinal C14
Y i
155.8{ ¢ ; Tyr218
T : v = v T v v v v
100 50 0
3C / ppm
(b) Tyr218 Retinal C14 Lys255
@
0
14.2 | % q - 9@ pH 8.0
£ H l 1
g 1 ) (4.
< 14.2 b 9 H 6.
%J e Q\ Qo t P 6.0
14.2 4@ e b pH 4.0
; . » : ; i . , : . : l . : 4
150 100 50 0

3C / ppm
Figure 18. 3C—13C DARR spectra of wild-type KR2 in a POPE/POPG membrane in a Tris-NaCl
solution.
(a) Correlation peaks of labeled residues at pH 8.0. Cross peaks and diagonal peaks are represented by the
gray line. (b) Comparison of cross peaks at pH 8.0 (top, blue), pH 6.0 (middle, green), and pH 4.0 (bottom,
orange). All columns show correlations with retinal C20. Cross peaks and diagonal peaks are represented
by the gray line.
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Table 4. 13C and N chemical shift values of KR2 in POPE/POPG.

WT WT WT WT D116N

pH 4.0 pH 6.0 pH 8.0 pH 8.0 pH 8.0

NaCl NaCl NaCl CsCl NaCl

1 I I I 1

Retinal "C20 14.2 14.3 14.2 13.9 13.2
Retinal "C14 120.5 120.5 120.5 120.9 119.8
Tyr218 C( 155.8 155.8 155.8 155.9 155.7
Lys255 “Ce 52.1 52.0 52.1 52.1
Lys255 “N¢ 152.5 150.8 150.2 - 153.8, 145.2-140.4

U Referenced to glycine powder for °C and "°N.

smaller than 1 ppm. Hence, configuration of retinal remains the same as all-trans, 15-anti at low pH.
Retinal chemical shift showed slight change with sample suspended in Tris/CsCl solution, but it was

very small (Figure 20).

(a) G20 Ret (b)

14.2 ppm (pH 4)

WT D116N
D116N C14 Ret C14 Ret
C20 Ret 1205 H4 119.8
13.2 ppm -5 ppm (pH 4) -8 ppm

T T T T L S e LI S e ey m e e T
20 15 10 125 120 115
15N Chemical shift [ppm] 5N Chemical shift [ppm]

Figure 19. Comparison of retinal chemical shift between WT and D116N mutant.
13C CP-MAS spectra of (a) retinal C20 and (b) retinal C14 of WT-KR2 at pH 4.0 at 278 K (blue) and
DI116N-KR2 at pH 8.0 at 268 K (red).
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190 150 100 50 0
13C Chemical Shift [ppm]

Figure 20. Cross section of C20 retinal in KR2 in CsCl solution.
13C-13C PDSD slice spectrum of wild-type KR2 in POPE/POPG membrane in Tris/CsCl solution at
around 283K. Slice spectrum is taken at 13.9 ppm showing correlation with retinal C20.

BN Schiff base NMR signals at neutral and acidic pH.

[1°N(]Lys255 signal was observed as shown in Figure 21(a). '’N CP-MAS spectrum at pH
8.0 showed Schiff base peak at 150.2 ppm. Peak at 11.7 ppm is for other ten Lys residues with no
significant difference in the environment and peak in the middle is for natural abundance of backbone.
Chemical shift of Schiff base reflects the retinal structure, therefore, has correlation with maximum
absorption wavelength.*%16%226 In Figure 21(b), correlation of Schiff base chemical shift and maximum
absorption wavelength is plotted. Dotted line is provided by all-trans retinylidene model compounds
with different counterions.**2?” BR (all-trans) and Natronomonas pharaonis Sensory Rhodopsin 1T
(NpSRII) are on the upper side of linear trend of model compounds. In the contrast, KR2 plot was
below the line at pH 8.0.

The chemical shift changed upon pH-change as follows: 150.8 ppm at pH 6.0, 152.4 ppm at
pH 5.0 and 152.5 ppm at pH 4.0. Peak shifted most widely between pH 6.0 and 5.0 despite the small
change between pH 6.0 and pH 8.0 (Figure 21(a) and Figure 22) indicating the protonation of Asp116.
In order to confirm the Schiff base change upon pH titration, we measured N CP-MAS of D116N
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Figure 21. Schiff base signal in 1SN CP-MAS spectra.
(a) N CP-MAS spectra. Peaks from left are free Lys, natural abundance backbone and Schiff base. In-set
spectra are comparison of Schiff base peaks at pH 8.0 (black, 150.2 ppm), pH 6.0 (red, 150.8 ppm) and pH
4.0 (green, 152.5 ppm). (b) Correlation between N chemical shift of Schiff base and maximum
absorbance wavelength. Broken line is linear correlation of model compounds.
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mutant (Figure 23). The chemical shift did not change. Thus, the change observed in WT-KR2 is

caused by the protonation of D116. Since peaks of retinal C20, C14 and Lys255Ceg did not shift upon
pH-change (Figure 18(b)), retinal structure remains unchanged even at pH 4.0 except for protonated
Schiff base.
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Figure 22. Changes in '°N chemical shifts and maximum absorption wavelength of protonated Schiff
base in WT KR2

pH dependence of >N chemical shift of Schiff base (blue) and maximum absorption wavelength (red).

Structure of the retinal-binding pocket and Schiff base interactions with

Aspll6.
13C-13C PDSD spectrum did not show change in chemical shift of Retinal C20, C14, Lys255

and Tyr218 in Tris/CsCl buffer compared to those in Tris/NaCl. This suggests that retinal-binding
pocket is sodium ion-independent structure at ground state.

Correlation plot of >N Schiff base signal and maximum absorption wavelength showed
unique plot of KR2. BR (all-frans) and NpSRII are on the upper side of linear trend of model
compounds and KR2 plot below the line at pH 8.0 which represent the tilt around C15=N and N-Ce,
respectively according to Eilers et al.??® The blue-shift is caused by twist around single bond thus it
can be caused by torsion around any single bond in retinal. However, lambda max change of D116N
to about 565 nm and of D116A to about 578 nm suggest the importance of negative charge for color
change. Therefore, blue-shift of KR2 is induced by torsion around N-Ce. This is induced by the unique
location of Asp116 residue. KR2-Asp116 is located one helical pitch towards cytoplasmic side than
BR-Asp85 (

Figure 14) or NpSRII-Asp75, therefore, close and strong interaction with counterion induced tilt of
protonated Schiff base. In fact, it was reported that there is very strong hydrogen bond from sharp N-
D stretching vibration at 2095 ¢m™! by FTIR.??® Crystallography showed two conformations of Asp116,
thus, indicating two types of interactions with Schiff base; however, Schiff base signal seems to show

one homogeneous structure. Still possibility remains that interaction of two conformations are similar
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and showing only one signal or that one of two interactions was not detected because of low population
or inhomogeneity.

Schiff base peak shifted most widely between pH 6.0 and 5.0 despite the small change
between pH 6.0 and pH 8.0 (Figure 21(a) and Figure 22). Since peaks of retinal C20, C14 and
Lys255Ce did not shift upon pH-change (Figure 18(b)), retinal structure remains unchanged even at
pH 4.0 except for protonated Schiff base. This is probably caused by the protonation of Aspll6,
suggesting change in interaction with counterion. As KR2 in lipid membrane has multiple pKa,
(pKa1=3.47, pK2=5.48, pKa3=7.52)'2, the peak shift of Schiff base at lower pH may represent the pK,
of Asp116. All the crystal data provided by Gushchin et al. indicates that Asp116 orients away from
Schiff base at a pH as high as 4.9.2 These data support our NMR results in a sense that Asp116
changes its interaction and reorients at lower pH.

Chemical shift difference of protonated Schiff base was about 2 ppm between neutral and
acidic condition. The small change in chemical shift indicates that protonated Schiff base has still
interaction, probably with anonymous oxygen. This downfield shift is contradictory to the case of BR
which showed upfield shift upon acidification (BRaisns at neutral pH: 148 ppm, at acidic pH: 139,
132 ppm??°) (estimated as NH4sNOj5 reference). In addition, report on Schiff base model compounds
pointed out that the strong hydrogen bond of Schiff base proton with interacting oxygen induces
downfield shift.2** Considering this, Schiff base of KR2 seems to strengthen the interaction slightly
with Asp116 at low pH by approaching Asp116 oxygen. However, the chemical shift change was small
with 2 ppm, thus, indicating a slight increase in strength. Crystal structure at acidic condition showed

Aspl16 side chain at slightly distant from Schiff base which is contradictory to our result.

W pH 8.0
153.8 ppm M pH 6.0
| W pH 5.0
W pH 4.0
145.2-140.4 ppm

rrrrryrryrrryrrrryrrrryryrrrrrrrror |
160 155 150 145 140

Figure 23. pH-induced SN chemical shift changes of the protonated Schiff base in D116N mutant.
5N CP-MAS spectra of protonated Schiff base of D116N-KR?2 at various pH at 268K.
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The peak intensity at neutral pH was quite strong in contrast to BR which indicates that the
protonated Schiff base has homogeneity with high cross-polarization efficiency from 'H to >N nuclei.
With lowering pH, the intensity decreased significantly. The reason cannot be easily described, but
there are possibilities of inhomogeneity in structure of Schiff base, inefficiency of CP due to alteration

of 'H networks in the vicinity of Schiff base and/or increase in overall mobility of KR2 molecule.

Assessment of the Tyr218 chemical shift assigned by Dipolar Assisted
Rotational Resonance.

Other residues we focused on are Tyr218 and Asp251. Tyr and Asp residues are conserved
in some rhodopsins.?! In order to understand hydrogen bonding status of Tyr218 with Asp251, we
analyzed TyrCC.

In CP-MAS spectrum, region between 150 and 160 ppm shows discrete four peaks of
TyrCC which includes all 15 Tyr in KR2 (Figure 24(a)). 3CC of Tyr is a good probe for understanding
its hydrogen bond strength.2!1-213232 1t is known that C{ Tyr signal appears depending on its electron
density affected by hydrogen bond formation of adjacent OH. Basically, signals at lower magnetic
field indicates stronger bond (CL-O-H- « + X). Thus, Tyr in KR2 has roughly four different hydrogen
bonding strength at pH 8.0. We additionally obtained DARR spectrum at the same pH and it showed
correlation peak of retinal C20 and one Tyr residue at 155.8 ppm. As the closest Tyr to retinal is Tyr218
based on the crystal structure, we assigned this peak as Tyr218 (Figure 24(b)).

This chemical shift value is lower than expected comparing with other microbial rhodopsin
such as BR and NpSRII which both shows chemical shifts of 158.0 ppm?* and 157.7 ppm?*4,
respectively. In BR and NpSRII, corresponding Tyr residue (Tyr185 for BR, Tyr174 for NpSRII)
interacts with nearby Asp residue (Asp212 for BR and Asp201 for NpSRII). On the contrary, Tyr
without hydrogen bond shows its chemical shift at around 154.4 ppm (estimated as TMS reference),
as is the case of ASR which has no corresponding Asp residue and instead has Pro206 which makes it
impossible to form hydrogen bond.!*®!4 Chemical shift value of KR2-Tyr218 was 155.8 ppm which
is in the middle of the chemical shifts mentioned above, showing that Tyr218 forms weak hydrogen
bond with Asp251. This result is reasonable as distance between oxygen atoms of Tyr and Asp is 2.74
A in KR2 (PDB: 3X3C) whereas 2.57 A in BR (PDB: 1C3W). Corresponding Asp residue in BR,
Asp212, interacts with Tyr185 and Tyr57 whereas Tyr57 in BR is substituted to Leu75 in KR2 resulting
in the loss of hydrogen bond with Asp251. Instead, Asp251 interacts with Argl09 (Arg82 in BR)
which is locating in close distance. This interaction caused weakened interaction between Asp251 and

Tyr218 compared to BR.
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Figure 24. TyrC{ region in *C CP-MAS and *C-3C DARR spectra.

13C CP-MAS spectrum (top) and DARR slice spectrum (b) in TyrC{ region. CP-MAS spectrum shows all
15 Tyr signal in four peaks. TyrC( is sensitive to strength of hydrogen bond. Peak at upper field indicates
weaker interaction. DARR spectrum is slice spectrum at 14.2 ppm, showing only Tyr in the vicinity of
retinal C20 which is Tyr218. Y-scale of spectrum is expanded.
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Characteristic hydrogen bonding strength of Tyr218.

The weak interaction between Asp251 and Tyr218 suggests the flexibility of Asp251 that
possibly enables to bind Na* ion to Asp251 at O-intermediate.!”® Chemical shift of Tyr218 did not
change at neutral and acidic pH, shown in Figure 18(b). This means that Asp251 does not change the
protonation state between pH 8.0 and 4.0. This is corresponding to the results of crystallography which
showed similar structure of Tyr218 and Asp251 at neutral and acidic pH. Mutational study showed the
loss of pumping activity in D251N, thus, importance of negative charge at Asp251. Taking into
account of this, Asp251 may be deprotonated at neutral pH and thus at pH 4.0 as well. However, the

protonation state is not yet observed directly and needs to be confirmed.

Characteristic feature of sodium ion pump from comparison with other
rhodopsins

We showed unique correlation of chemical shift value of Schiff base and maximum
absorption wavelength (Figure 21(b)). In addition to BR and ApSRII written above, GPR and
Channelrhodopsin 2 showed similar plots at the upper side of model compound (520 nm/161.3 ppm
for GPR'%2235 and 470 nm/172.8 ppm for ChR2'%%) (estimated as NH4sNOjs reference). None of them
showed plot at the same side as KR2 at ground state. In BR, ground state with acidic condition and K-
intermediate showed similar trend in torsion around Schiff base (600 nm/139 ppm and 132 ppm for
acid-blue BR??? and 590nm/145 ppm for K-intermediate?*®), however, we have to emphasize that KR2
showed this torsion with all-frans configuration at neutral pH where Schiff base is protonated.

Asp251 residue forms hydrogen bond with Tyr218 which is conserved in many rhodopsins
(BR-Tyr185, NpSRII-Tyr174, ASR-Tyr179).88237:238 Some of these hydrogen bonds are important for
the function. In BR, one oxygen atom of Asp212 forms hydrogen bond with Tyr185 whereas another
oxygen interacts with Tyr57 and water molecules to form pentagon cluster.® The presence of hydrogen
bond between Tyr185 and Asp212 stabilizes the formation of pentagon cluster which is important for
proton pump. Disruption of this hydrogen bond by replacing Tyr185 to Phe results in decay in proton
transfer from Asp85 to proton release group at O-intermediate.>*® For NpSRII, Tyr174 has important
contribution for the function. Interaction between Tyr174 and Thr204 is essential for the structural
change in helices and signal transfer to its cognate transducer NpHtrIl.?*? There is a possibility that
this weak bond is induced by the relatively strong interaction of Asp251 with Arg109 at ground state

which plays an important role for sodium ion pumping function.
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Conclusion

We investigated the structure of retinal-binding pocket and the pH effect of wild-type KR2
in POPE/POPG lipid membrane by solid-state NMR. DARR experiments allowed to determine
chemical shifts of following positions: Retinal C20, Retinal C14, Lys255Ce, Lys255N( and Tyr218CC.
Configuration of retinal was determined as all-trans, 15-anti at ground state. Schiff base shows tight
torsion around N-Ce which is caused by the irregular location of counterion, Asp116. Interaction with
Aspl16 changed upon pH-change. Tyr218 was revealed to have weak interaction with Asp251
compared to Tyr185-Asp212 in BR. pH change revealed that Asp251 is deprotonated even at pH 4.0.
Structure of retinal-binding pocket is unchanged at neutral and acidic pH except for Schiff base and
Aspllié.

Chemical shifts of retinal C20, C14 and Lys255Ce did not change by acidification. This is
corresponding to the case of bacteriorhodopsin showing change in chemical shift of smaller than 1
ppm. Hence, configuration of retinal remains the same as all-frans, 15-anti at low pH. Retinal chemical
shift showed slight change with sample suspended in Tris/CsCl solution, but it was very small. This

suggests sodium ion-independent structure of retinal-binding pocket in KR2 at ground state.
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Effect of His30 and Na'-binding site
at extracellular side to retinal-binding
site of KR2

Introduction

lon transportation in KR2

Light-driven sodium ion pump, KR2, from marine bacteria, Krokinobacter eikastus has been
studied to understand its pumping mechanism because of its unmatched model of positively-charged
non-proton ion transportation to the previously established models of well-studied archaeal proton-
pumping bacteriorhodopsin or chloride-pumping halorhodopsin.!!83 In addition to being a Na* pump,
KR2 has additional function of outward light-driven proton pump in the presence of KCl or salts of
larger alkali metal ions,'? thus, KR2 is referred to a dual functional protein.

The selectivity in ion transportation is determined by the ion contained in buffer. Pump
activity assay revealed that KR2 pumps sodium ion in NaCl, proton in KCI, RbCl or CsCl, and lithium
ion in LiCL'? This selectivity is controlled at the ion uptaking pore at cytoplasmic side, which
eliminates the entrance of ion larger than Na*. Mutation at this site to enlarge the pore, N61L/G263F
double mutant, allowed to transport cesium ion.'”” Mutation only at uptake site enabled to transport
larger ion suggesting that KR2 has transporting ability of any alkali metal ion at retinal-binding site

and extracellular side.

Na™ pump and proton pump in KR2

In the previous chapter, the dual-functionality of KR2 was mentioned. Although the
mechanism of Na™ pump has been studied and that of proton can be supposed from previous studies
on proton pumping rhodopsins, the expression mechanism of two distinctive ion transportatios is not
understood. Mutational studies revealed the essential residues for Na* and proton pump as shown in
Figure 25 and Figure 26, respectively. pH increase showing Na* pump decreased in some mutants:
D116N, D116A, D116E, N112A, D251N, D251A, D251E, and R109A.'> Most of these mutants lost
proton pumping ability which well indicates the importance to the both pumping activities. Some
mutants remained proton pumping function, such as D116E and N112A. Na™ pump requires more
complicated mechanism compared to proton pump, thus, this phenomenon of lacking Na* pump but

existing proton pump can be easily understood.'”® However, in some mutants, such as H30A and
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E191Q/E194Q, lost proton pumping activity, but Na® pumping activity. For latter mutant, two
modified residues are known to be crucial for proton pumping function as a proton release group at
extracellular side of the protein, similarly to Glu194 and Glu204 in bacteriorhodopsin.®® Nevertheless,
the reason of lacking proton pump in H30A remains unclear as His30 locates at the molecular interface.

The mutation of H30A induces the loss of its proton pump function although the replacement
of His30 by Ala, Lys or Leu also induces the decrease in its sodium ion pumping efficiency.'??*! His30
forms hydrogen bond with Tyr154 with nearby protomer as revealed by crystallography and functions
as one of the factor forming pentamer although the conformation of these residues and creation of
interaction depend on the methodological condition (Figure 27).!9324

The selectivity of Na* and proton pump depends on the concentration of both ions, however,

the distinction of two mechanisms remains unclear. The kinetics of both pump activity from the time
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Figure 25. Na* translocation pathway around retinal-binding pocket and essential residues.
(Left) Na* translocation pathway. Structure is based on the initial structure (PDB code: 3X3C). Oxygen

and nitrogen are shown in red and blue, respectively. Red circle represents water molecule. (Right) Pump
assay of mutants [12].
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constant of the M decay indicated the competitive pump activity at M-intermediate.'®®> The
photoreaction pathway until M-intermediate seems to be shared based on the flash-photolysis data.
This corresponds to the light-induced differences of FTIR results at 77 K which revealed the were
identical between the two states of KR2 functioning as light-driven Na* and proton pump.?’! The
knowledge on the selectivity of transported ion in dual-functional protein is limited because of the
small number of rhodopsin proteins with various functions. Channelrhodopsin transport Na*, K*, Ca®*
and proton and proton permeation is much higher than other ions with same concentration; however,
under the physiological environment that of Na® and proton becomes similar because of those
concentrations.®?*? Recently found Synechocystis halorhodopsin (SyHR) is known to pump SO4>-and
Cl as well as Br depending on its concentration but its ion selectivity mechanism needs more
verification.”** The selective alkali metal ion transportation has been demonstrated previously;

nevertheless, the mechanistic understanding of the selectivity of Na* and proton in KR2 remains

unclarified.
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Figure 26. H* translocation pathway around retinal-binding pocket and essential residues.
(Left) H translocation pathway. Structure is based on the initial structure (PDB code: 3X3C). Oxygen and

nitrogen are shown in red and blue, respectively. Red circle represents water molecule. (Right) Pump assay
of mutants [12].
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Na"-binding site and its importance

The ion in buffer affects the selectivity of the ion transported as well as the alteration of
bound ion at extracellular Na* binding site. A Na* binding site at extracellular side is one of the
characteristic features of KR2 which is characterized by the crystal structure reported by Gushchin et
al. revealing the structure of sodium ion binding site at extracellular side of KR2.!% Two of three
crystal structures shown by Gushchin et al. were pentarmeric precipitated under the condition of pH
5.6, 0.525 M sodium malonate and 3% (w/v) polyethylene glycol (PEG) 6000 (Qiagen) (PDB entry
code: 4XTO), and pH 4.9, 0.525 M sodium malonate (Qiagen) (PDB entry code: 4XTN) whereas one
structure under pH 4.3, 0.525 M sodium malonate was monomeric (PDB entry code: 4XTL).

Pentameric structure revealed that sodium ion locating between two monomers connects
monomers to form homo pentamer. Sodium ion is stabilized by Asp102 side chain from one protomer
(bond distance ~2.5 A) and Tyr25 side chain, Thr87, backbone oxygen of Phe86 and Thr83 from the
other protomer (bond distances 2.3-2.4 A) and a water molecule (bond distance ~2.3 A) and forms
six-coordinated structure. From these bond lengths, the bound ion was determined as a sodium ion. In
the monomeric structure shown by Kato et al. did not show any Na*-binding site,'®* however,
monomeric structure Gushchin et al. reported revealed the case of sodium ion forming an octahedrally
coordinated structure occupied with water molecules instead of Asp102 side chain. Attenuated Total
Reflection (ATR)-FTIR data allowed the signal assignment of Tyr25 and showed that direct interaction
between Tyr25 and Asp102 is essential for the protein’s stability.?*
Although the pathway of translocating ion is in line according to the mutational

experiments, '?

sodium ion binding to the extracellular side at ground state is thought to be not
prerequisite for sodium ion pumping. This is because both KR2 and GLR, another light-driven sodium
ion pump, uptake ion during photocycle.'>!35 Therefore, sodium ion bound in the ground-state
structure is not being transported.

Dissociation constant was calculated from the signal intensity of ATR-FTIR at various ion
concentration.!? Under 0.5 mM NaCl/KCI absorbance difference is almost zero, but increases the
intensity upon exchange to higher concentration indicating the structural difference is increasing in
the region of 1800-1000 cm™. Salt concentration dependence was plotted by taking the peak height at
1553 cm! and 1567 cm™ to show that association constant of Na* binding to the extracellular site is
11.4+£0.8 mM at pH 8.0. At pH 3.6, signal intensity change was small suggesting the Na*-interacting
Asp102 is protonated and thus does not bind Na™.

ATR-FTIR difference spectra upon exchange of 50 mM NaCI/KCl resembles to the change
upon exchange of NaCl/RbCl and CsCl, although the signal intensity increased under latter two
conditions. However, these data does not clearly prove that potassium ion or larger ions are not bound
to the binding site.!?

Tons contained in buffer and some residues close to the Na* binding site at extracellular side
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avoid the denaturation of protein.'®3 Thermostability assays of detergent-solubilized WT-KR2 showed
protein endure longer under Na* buffer than in Rb* containing buffer. D102N mutant eliminating the
Na* binding to the binding site at extracellular side, exhibited similar denaturation speed as in Rb*
buffer. Additionally, N-helix, characteristic feature among NaR and only in some rare rhodopsins,
builds interactions between one of the residues in N-helix, Glull, and Glu160 at DE-loop and Arg243
in G helix and when mutations introduced to each residues showed fast decay of absorbance. These
data revealed key residues to stabilize the protein structure are hidden at extracellular side and so is
the ions bound to binding site. Pumping assay of these mutants showed the reduced but still functional
activity, except for the mutant without complete N-helix, KR241.18, showing no pumping activity,
therefore, these residues are essential for structure stability and the solid structure keeps pumping

efficiency to the highest level as WT.

lon effect on pumping function
As KR2 pumps both Na* and H', ions in buffer and photocycle are closely related. Exchange

of buffer changes the ions bound to Na* binding site at extracellular side. Thus, photocycle of ion
transportation and selectivity of transporting ion may influenced not only by the ions in buffer but also
by the structural difference affected by ion bound to the binding site.

Photocycle of reconstituted KR2 in 100 mM NaCl at pH 8.0 is as described in previous
chapter 2. In contrast to Na* pumping photocycle consisting of K-, LM-, O-intermediates with their
time constants of 26 £3 us, 1.0 £ 0.1 ms, and 7.9 £ 0.3 ms and 112 £ 13 ms, respectively, H" pumping
photocycle in 100 mM KCIl at pH 8.0 is completely different showing only K-, L-, and LeM20-
intermediates based on the calculation from transient absorbance change at 525, 420, 472 and 605 nm.
Calculated time constant was 1.07 £ 0.05 ms for L-intermediate, 107 =4 ms, 580 £ 80 ms, 70+ 1.0 s
for L2M2O0-intermediate.'?> Contradictory, Li*, smaller ion than Na®, is transported by KR2 via
similar photocycle as sodium ion transportation. Transient absorbance showed three types of
intermediates, K-, LM-, O-intermediates with their time constants of 16.0 + 1.7 ps, 1.20 £ 0.03 ms,
11.1 £ 0.7 ms, and 140 + 70 ms, respectively.'? In contrast, transient stimulated Raman spectroscopy
showed that photocycle of WT in CsCl-containing buffer shifts the equilibrium to L in the L/M
intermediate, like D102N mutant in NaCl.>** D102N mutant prevents the Na® binding at the
extracellular binding site, thus, suggesting that Cs™ is unbound. The ion transportation activity of KR2
was assumed to depend on the alkali metal ion because of the uptake pore size; however, exchanging

the buffer ion also induces alteration of the bound ion at the extracellular binding site.

Aim

Extracellular side of KR2 has several unique structure, such as Na* binding site and N-helix.
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Figure 27. Crystallographic structure of two KR2 protomers.

Two protomers out of five are shown (Protomer 1 in gray and protomer 2 in blue). Retinal-binding pocket
region is shown in pink with retinal and Lys255 (yellow) and Asp116 (black). Na*-binding site is shown
in green with Tyr25 (black) from protomer 1 and Asp102 (dark-blue) from protomer 2. His30 of protomer
1 and Tyr154 of protomer 2 is shown in black and dark blue, respectively, in blue region. (PDB code:
4XTO)

These parts build interactions with nearby residues and increases endurance to higher temperature i.e.
thermal stability. However, structure of protein outside membrane is rather flexible and may form
interactions with nearby but other residues inducing structural change of protein and change
interactions near retinal. In order to observe the relationship of structural change at extracellular side,
especially Na*-binding site, and effect on retinal-binding site, we measured the change in retinal-

binding site by changing buffer ion (Figure 27).

Materials and Methods

Sample preparation
KR2 with six histidines at the C terminus were expressed in E. coli C41(DE3) strain.
Expression was done with three steps of culture: 7 hours of start-up culture with 20 mL LB medium
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and 1 mL freeze stock of E. coli cells in screw-top test tube with lids, 14 hours of pre-culture with 100
mL M9 medium (Components are shown in Chapter 2) and 21 mL bacterial solution from start-up
culture in 500 mL flask with baffles, 20.5 hours of main culture with 2 L M9 medium and 121 mL of
bacterial solution from pre-culture in 3 L flask without baffles. Induction was done when O.D. value
was at 0.99, which was 5 hours from the start. To obtain [U-'"NJWT-KR2, 2.7 mg of [U-SNINH4CI
was mixed into M9 media before starting main culture and at the induction point 0.25 g of IPTG, 500
uL of [14, 20-13C]labeled retinal was added. Shaker was set to 170 rpm, 37°C for start-up culture and
pre-culture. Main culture was conducted in a water bath with babbling ball (pore size No. 2) and first
7 hours at 37°C and latter 13.5 hours at room temperature. M9 medium for main culture was pre-
warmed to 37°C before the start in order to increase the speed of cell proliferation.

The protein was solubilized in 1.7% n-dodecyl-b-D-maltoside (DDM) and purified with Ni-
NTA agarose (TALON, Qiagen). Buffer used for washing and elution were followings: For washing,
300 mM NacCl, 25 mM Imidazole, 50 mM MES, 0.05% DDM, pH 6.5 buffer was used. For elution,
300 mM NaCl, 300 mM Imidazole, 50 mM Tris, 0.05% DDM, pH 7.0 buffer was used. Buffer was
changed to 50 mM NaCl, 5 mM HEPES, 0.05% DDM, pH 7.0 using Amicon and kept in refrigerator
before reconstitution into lipid membrane.

Samples were separately reconstituted into widely used POPE/POPG membranes (3:1
POPE:POPG ratio, 1:20 protein:lipid ratio) for the study of the bacterial membrane proteins as
previous work characterizing KR2.!%3217218 Liposome was prepared with buffer of 200 mM NaCl, 20
mM Tris-H3POs, pH 8.0. Subsequently, each samples were suspended in 10 mM Tris-H3POs buffer at
pH 8.0 with 100 mM LiCl, 100 mM NaCl, 100 mM KCIl, 100 mM RbCl, 100 mM CsCl or 0 mM NaCl.

Sample was diluted 10 times with buffer when obtain UV-Vis spectrum for yield calculation.

Molecular extinction coefficient of KR2-H30A mutant is 30000 [mol! * L + cm™].!2

Solid-state NMR measurements

Sample suspended with each buffer was packed in a 4.0 mm zirconium sample tube. "N
NMR experiments were then performed at 278 K, and the MAS speed was adjusted to 10.0 kHz on a
Bruker Avance III spectrometer operated at 14.1 T (600 MHz as the 'H Larmor frequency) with an E-
free probe. '"H-'SN cross-polarization contact time was 2.0 ms and Spinal 64 proton decoupling of 80
kHz was employed during acquisition. >N chemical shifts were referenced to glycine powder at 11.59

ppm (NH4NOs3 at 0.0 ppm??).

UV-Vis measurements

Lipid reconstituted KR2 WT and H30A samples were suspended in 10 mM Tris-H3PO4
buffer at pH 8.0 with 100 mM LiCl, 100 mM NaCl, 100 mM KCl, 100 mM RbCl, 100 mM CsCl or 0
mM NaCl. Absorption spectra of each sample were recorded with UV-Vis spectrometer (V650,
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JASCO) equipped with an integrating sphere at room temperature.

FTIR measurements

Light-induced FTIR difference spectra at 77 K was performed as described previously.?!
The lipid reconstituted KR2 WT and H30A samples were suspended in 1 mM NaCl or CsCl and 2 mM
Tris buffer at pH 8.5. The dried films of 0.1 mg sample were prepared and hydrated with D,0.
Hydrated samples were replaced on a cryostat (Optistat DN, Oxford) coupled to a FTIR spectrometer
(FTS-40; Bio-Rad). Samples stabilized at 77 K were illuminated 2 min using 500 + 10 nm band-pass
filter for the formation of KR2x and also illuminated 1 min using > 600 nm light for photo-reversed

to KR2. 128 interferograms were accumulated and 40 repeated recording were averaged.

Flash-photolysis measurements

Transient absorption change of KR2 H30A was measured by nanosecond laser flash
photolysis method as previously described.! The absorption of POPE/POPG reconstituted sample with
a 1:50 protein-to-lipid molar ratio in 100 mM NaCl or CsCl, 20 mM Tris-HCI (pH 8.0) were adjusted
to be 0.8-0.9 with 1-cm optical path-length. The sample was photo-excited by a nanosecond pulse of
second harmonics (SHG) of Nd3": YAG laser (A = 532 nm, INDI40, Spectra-Physics) with an
excitation laser power was 3 mJ/(cm?-pulse). The intensities of the transmitted probe light from a Xe
arc lamp (L8004, Hamamatsu Photonics, Shizuoka, Japan) were measured using a multichannel
detector (C9125, Hamamatsu Photonics, Shizuoka, Japan) before and after laser excitation, and
transient absorption spectra were obtained by calculating the ratio between them. Ninety identical

spectra were averaged to obtain higher signal-to-noise ratio.

Results and Discussions

Assignment of '°N signals

Schiff base region of ''N CP-MAS spectra of [U-'’N]labeled KR2-WT and [U-'>N]KR2-
H30A are shown in Figure 29(a) and (b). The peak of Schiff base was previously assigned with
['>NC]Lys-WT-KR2 (Figure 28).24 At higher field of Schiff base signal, HisNe signals*’->*% were
observed showing two peaks of 140.6 ppm and 144.0 ppm which corresponds to two residues in KR2,
His30 and His180. As the signal at 140.6 ppm disappeared in the spectrum of H30A, thus, the other
remained peak was assigned as His180. His-tag peaks are broad and hidden in this region as reported
in the case of ASR.'8
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Figure 28. Assignment of Schiff base and His signals.

The peak of Schiff base was previously assigned with ['°N{]Lys-WT-KR2. At higher field of Schiff base
signal, HisNg signals were observed showing two peaks of 140.7 ppm and 144.0 ppm which corresponds
to two residues in KR2, His30 and His180. As the signal at 140.7 ppm disappeared in the spectrum of
H30A, thus, the other remained peak was assigned as His180.

140 120 100 80
SN Chemical shift [ppm]

lon exchange effect on retinal Schiff base in wild type and H304 mutant
5N chemical shift of protonated Schiff base changed ion-dependently as shown in Figure

29(a) and (b). In NaCl buffer, Schiff base signal appeared at 150.2 ppm as previously reported.?*¢ As
this data was taken under 100 mM NaCl, 10 mM Tris-H3PO4 buffer, Na* concentration is enough to
keep Na® bound to the binding-site at extracellular side revealed by concentration-dependent
measurement (data not shown). Sharp signal revealed the structure of retinal Schiff base is
homogeneous. Under LiCl buffer, Schiff base became twice broader with small shift to 151.3 ppm. By
exchanging sample with K* containing buffer, peak showed similar chemical shift of 151.7 ppm and

broadening as in Li*. Under RbCl and CsCl buffer condition, signal shifted to 151.7 ppm and 152.4
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ppm, respectively, with sharp peak as in NaCl. In the absence of alkali metal ion, similar chemical
shift of 152.0 ppm was observed as in RbCl. From these results, chemical shift shows ion-bound state
under NaCl and ion-unbound state under RbCl and CsCl and bound/unbound mixture state under KCL.
Peak under LiCl was similar to the state under KCIl, which indicates the mixed state, however,

possibility remains that Li* is bound to the binding site and protein packing is fluctuating because
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Figure 29. SN CP-MAS spectra of WT and H30A and correlation with Jvax.

(a, b) Schiff base and HisNe region is shown. Spectra obtained in 100 mM LiCl (red), NaCl (orange), KCl1
(yellow), RbCl (green), CsCl (blue), and 0 mM NaCl (purple). (c) Correlation between '*N chemical shift
of Schiff base and maximum absorption wavelength.
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Figure 30. Maximum absorption wavelengths of WIT-KR2 and H30A-KR?2 in lipid membrane.
UV-Vis absorption spectra of lipid reconstituted WT-KR2 and H30A-KR2 in 100 mM each cations or no
salt conditions.

binding site is forced to fit to smaller ion.

Same conditions were applied to H30A mutant and obtained chemical shifts as following:
157.0 ppm (Li*), 151.2 ppm (Na*), 156.8 ppm (K*), 157.7 ppm (Rb*), 157.7 ppm (Cs™), 157.6 ppm
(Absent). Although signal of Na*-bound state showed similar chemical shift, however, the peaks under
other conditions shifted widely to lower field. The signal of H30A under Li* and K* is close to the
chemical shift of unbound state than WT indicating the difference in ratio of bound and unbound states
suggesting the His30 also functions as a structure holder of binding site at extracellular side.

His signals showed some change under ion exchanged conditions. Signal of His30 in WT
changed from high field to lower field by buffer change to larger alkali metal ion showing different
pattern as Schiff base change. Although changes in His30 seems to be dependent to ion size or
bound/unbound state, however, changes in His180, the residue at outside of the pentamer circle, is not

systematic.

Functional effect of ion exchange to wild type and H304 mutant

The >N chemical shift of protonated Schiff base is determined mainly by two factors:
Electrostatic interaction of protonated Schiff base-counterion and torsion around C15=N or N-
Ce.46:104235.249.250 Fioyre 31 shows the electrostatic interaction of positively-charged protonated Schiff
base and negatively-charged counterion. Chemical shift of Schiff base and counter anion size have

linear correlation obtained from all-trans retinylidene model compounds.*® From the obtained
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Figure 31. Correlation of the >N chemical shifts of the protonated all-trans retinylidene-butyl-'>N-
imides (Br, I') versus the inverse of the center-to-center distance squared (1/d?) of the
crystallographic radii of N3- and the halide counterion.

From the obtained chemical shift of Schiff base, distance between positive charge at Schiff base and
negative charge counterion was estimated. 4278

chemical shift of Schiff base we calculated the N-O distance of Schiff base and counterion and
obtained the following results: 4.03 A in WT/Na", 3.95 A in WT/Absent, 3.98 A in H30A/Na" and
3.77 A in H30A/Absent. This result clearly shows the particular strongering electrostatic interaction
of Schiff base and counterion in H30A/Absent. Crystallographic data showed the N-O distance
between Schiff base and Asp116 rotormer 2 is 2.5 A and this difference should be caused by the
definition of N-O distance where in crystallography, direct distance of N-O is shown whereas NMR
results shows the distance of N and center of negative charge at carboxyl group of Asp116.

Second factor of determining chemical shift, torsion around Schiff base, is shown in Figure
29(c) based on the maximum absorption wavelength (Figure 30). Schiff base chemical shift has
correlation with maximum absorption wavelength. Bottom side of linear correlation of all-trans
retinylidene model compounds, which takes a planar conformation, shows the torsion around N-Cg
and upper side of that shows torsion around C15=N according to Hu et al. In spite of small change in
torsion around N-Ce in WT/Na* and WT/Absent or other ions, H30A showed drastic change from N-
Ce torsion in H30A/Na* to C15=N torsion in H30A/Absent or other ions.

Schiff base signal change observed by FTIR
Fourier-transform infrared (FTIR) spectra obtained in the conditions of WT/Na*, WT/Cs™,

H30A/Na* and H30A/Cs* showed similar frequency value in N-D stretching vibration. Figure 32
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Difference Absorbance

Figure 32. Light-induced FTIR difference spectra of KR2x minus KR2 of WT and H30A at 77 K.
The black solid lines in (a) and (b) represent WT/Na* and WT/Cs", respectively. The red solid lines in (c)
and (d) represent H30A/Na* and H30A/Cs", respectively. The black dotted lines in (b) — (d) represent
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shows negative peak at 2095 cm™ in WT/Na™ which was assigned to be N-D stretching vibration of
Schiff base.?’! This signal resembles those in WT/Cs*, H30A/Na*, H30A/Cs* and D102N/Na* with
2095 cm!, 2091 cm!, 2088 cm™! and 2089 cm™!, respectively. In addition to those peaks, peaks with
low-frequency was observed in WT/Cs™. H30A/Cs* and D102N/Na* with 2065 cm™!, 2061 cm™ and
2062 cm!, respectively, indicating the existence of second component of N-D stretch with stronger

electrostatic interaction.
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lon exchange effect on photocycle of H304 mutant

The structure at ground state with and without sodium ion influenced on the photocycle of
H30A mutant as well. Flash-photolysis data revealed similar photocycle in H30A/Na* with K-, L/M-
and O-intermediates (Figure 33). Buffer exchange to CsClI prevented the circulation of photocycle by

forming only small amount of K-intermediate and no M-intermediate (Figure 34).
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Figure 33. Photocycle of KR2 H30A reconstituted in POPE/POPG and 100 mM NacCl.

Transient absorption spectra of KR2 H30A reconstituted in POPE/POPG liposome (1:50 protein-to-lipid
molar ratio) in solution containing 100 mM NaCl and 20 mM Tris-HCI (pH 8.0) (a) and time traces of
absorption change (b) at specific probe wavelengths. (¢) Photocycle scheme of KR2 H30A in the presence
of Na" determined from the analysis of the results shown in a, b.
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Figure 34. Photocycle of KR2 H30A reconstituted in POPE/POPG and 100 mM CsCl.

Transient absorption spectra of KR2 H30A reconstituted in POPE/POPG liposome (1:50 protein-to-lipid
molar ratio) in solution containing 100 mM CsClI and 20 mM Tris-HCI (pH 8.0) (a) and time traces of
absorption change (b) at specific probe wavelengths. (c) Photocycle scheme of KR2 H30A in the presence
of Cs* determined from the analysis of the results shown in a, b.

Discussion
Considering both electrostatic interaction and torsion around Schiff base, reorientation of

Schiff base-counterion interaction is occurred in H30A/Absent. In WT/Na®, protonated Schiff base



holds H-bond with one of oxygen of Asp116COQO" based on the crystallographic data. Relaxation of
torsion around Schiff base occurs in the direction that Schiff base proton points out towards
extracellular side. In spite of this movement of proton, distance between Schiff base and Asp116 got
shortened in H30A/Absent as calculated from !N chemical shift. N-D stretch from FTIR did not show
shift except the appearance of second band with low frequency suggesting second spices with strong
electrostatic interaction. To implement these conditions, slight movement of Asp116 to extracellular
side should be occurred to follow the torsion of Schiff base proton to form stronger electrostatic
interaction. Therefore, we concluded that both oxygen of Aspl116COQO" interacts with Schiff base
proton electrostatically in H30A/Absent as shown in Fig. 4 instead of hydrogen bonding with one of
oxygen of Aspl16 in WT/Na". Here, Schiff base proton interacting with Asp116 is in equilibrium of

two states, interacting with one of oxygen of Aspl16COO" and the other which corresponds to the

(a) (b) |
WT/Na* \ H30A/Absent

| Retinal

Asp116 &) Asp116
i H—
Lys255
(c) (d)
WT/Na* Retinal H30A/Absent Retinal m
I
o,
Asp116 G%)\ Asp116 -H
Lys255 ) Lys255

Figure 35. Schematic model of interaction between Schiff base and counterion. (a, c¢) Interaction
revealed by crystallography in WT/Na". (b, d) Model of interaction in H30A/Absent based on the NMR
and FTIR results.
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existence of two bands of N-D stretch. Closing of counter-anion to Schiff base induces strong
electrostatic interaction as is observed in NMR which well corresponds to the appearance of low-
frequency band in FTIR. The distance of Schiff base-counterion in WT/Absent and H30A/Na™ is rather
close to that in WT/Na™, thus, conformation of these should be similar to WT/Na*-like but slightly
close to H30A/Absent. Non-cyclic photocycle of H30A/Absent also supports that the re-isomerization
of retinal and proton pass from Schiff base to counterion does not occur in H30A/Cs* because strong
interaction locks retinal isomerization and protonation.

The side chain movement of Asp116 should be induced by the absence of ion binding at
extracellular and His30 resulting in the sliding of helix C to the extracellular side (or tilt). Therefore,
existence of His30 and sodium ion binding to extracellular side is essential for proton pumping
function.

In addition to retinal Schiff base, residues locating at extracellular half of the protein showed
conformational change in KR2 as was observed in NMR data which supports the displacement of helix
C. Signal changes in ArgNd and ArgNe in R109K mutant compared to WT and H30A (data not shown)
suggests the disruption of hydrogen bonds of Argl09 formed with Asp251 and water molecules.
Structural differences between monomeric and pentameric states were reported to show the
extracellular region of helix C, possibly caused by the ion bound state.!*>?*> Indeed, long-distance
perturbation was reported in proteorhodopsin where the pK, increase of Schiff base was induced by
the mutation at intracellular side, A178R, probably caused by the alteration of hydrogen-bonding
network.?! Therefore, existence of His30 and Na* binding to extracellular side hold protein structure

to appropriate form for proton pumping function.

Conclusion

In this study, lack of proton pump ability in H30A mutant was discussed from the
observation of Schiff base-counterion by solid-state NMR, FTIR and flash-photolysis measurements.
By NMR, larger shift in !N chemical shift of protonated Schiff base in H30A was observed under K*
or larger alkali metal ion than in WT indicating the stronging interaction between Schiff base and
counterion and torsion around Schiff base. FTIR observation revealed that Schiff base-counterion
interaction has similar N-D stretching vibration at any conditions but appearance of second peak under
Cs" indicates stronger interaction. Strong electrostatic interaction with counterion and torsion around
Schiff base induced by absence of His30 and bound ion at extracellular binding site precluded the re-
isomerization of retinal and proton transfer to counterion which corresponds to the result from flash-
photolysis showing less formation of K-intermediate. The long distance perturbation of existence of

His30 and bound ion to binding site to Schiff base revealed the crucial structure for pumping function.
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Observation of photo-intermediates of
HsBR by photo-irradiation solid-state
NMR

Introduction

Bacteriorhodopsin

Bacteriorhodopsin is a H" pumping rhodopsin protein found in the purple membrane in an
archaea, Halobacterium salinarum, where it generates a proton gradient across the cytoplasmic
membrane for ATP synthesis.!®>? Among seven transmembrane helices, retinal chromophore is
covalently bound to the Lys216 in helix G. An extensive three-dimensional hydrogen-bonded network
of residues and seven water molecules at extracellular side connects the buried retinal Schiff base and
its counterion Asp85 to the membrane surface for its proton pump function.?! The light energy induces
the isomerization of the retinal, which structural change propagates the conformational changes in the
protein, including a change in the tilt of helix E and F. Protonation of Asp85 initiates a cascade of
atomic displacements in the extracellular region that causes the release of a proton to the surface.?
Structural change in the protein allows the proton transfer by the stepwise changes in pK, of charged

residues, including Asp85, Asp96, Glu194, and Glu204.4°

Photocycle starting from 13-cis, 15-syn retinal

Photocycle of Bacteriorhodosin for proton pump consists of several photo-intermediates
with retinal isomerization. Retinal conformation changes from 13-cis, 15-syn (CS; BRsasg) to all-trans
(13-trans,15-anti) (AT; BRses) with light irradiation followed by changes to several intermediates, K,
L, M, N and O and then back to all-trans, ground state.**-84253 These pathways starting from all-trans
called all-trans photocycle (AT photocycle) which is a main photocycle for proton pump. The detailed
information on the BR photocycle was mentioned in Chapter 1.

In contrast, the photocycle of the CS state (CS photocycle) has not been extensively studied.
In previous studies,?*%323%255 pulsed Nd laser experiment conducted to find out the existence of
intermediate which has maximum absorbance at 610 nm with the half-life of ~40 ms. As the same
intermediate was not detected in the AT photocycle, it was determined to be an intermediate of the CS
state and assigned as batho-13-cis-BR® or “610”-intermediate.®* However, information on this

photocycle is limited and needs to be clarified. Photocycle in Anabaena Sensory Rhodopsin is also
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known to have 13-cis photocycle. !>

Y 185F mutant

Y 185F mutant in known to have two conformations of retinal at CS : AT molar ratio of 3 :
1 in the dark-adapted state.”’®?>’ Light-adaptation to YI85F mutant produces O-like
intermediate.>>®?% Photo-irradiation at 170 and 250 K to O-intermediate in Y185F mutant produces
N-intermediate, while no M-intermediate was detected.?®%?! As Tyr185 is hydrogen bonded to the
hydrogen bond network relating to the proton transfer from Asp85 to a PRG through Asp212.26?
Breakdown of the hydrogen bond network prevents H* transport, it is, therefore, predicted that the

half-life of the O-intermediate would be significantly increased.?¢?

Observation of photo-intermediates by NMR

Photo-intermediates are normally detected using flash photolysis with pulsed laser light and
by dividing the continuous structural change based on the wavelength of the absorbance maximum i.e.
retinal structure. Solid-state NMR spectroscopy represents a powerful alternative tool for detecting
intermediates during the photocycle. In previous report, the L-, M-, and N-intermediates have been
detected by measuring '3C NMR signals of ['3C]retinals as well as '’'N NMR signals of [{-'N]Lys-
BR.#264 The 13-cis and 13-trans forms of [20-'*C]retinal and the 15-syn and 15-anti form of [14-
13C]retinal can be distinguished based on the y-position effects.8:163,263.266

In situ photo-irradiation NMR spectroscopy recently characterized the photo-intermediates
of sensory rhodopsin I and sensory rhodopsin II (or phoborhodopsin). Multiple M-intermediates were
identified in the SRII system using this approach.!” In addition, identification of the photo-
intermediates such as the M- and P-intermediates of S¥SRI were successful at which intermediates

demonstrate negative and positive phototaxis, respectively.!’® Thus, this technique should be well

suited for the investigation of common archaebacterial photocycle systems, such as BR.

Aim

In this study, we focused on the detection of BR photo-intermediates in the photocycle
starting from 13-cis retinal as well as the all-trans photocycle, and the retinal conformation at each
intermediates. The photo-cycle of the 13-cis was first investigated with wild type BR and then with
Y 185F mutant as a large proportion of 13-cis state exists in dark-adapted state than in WT. Additionally,
the photo-trapped intermediates of all-frans photocycle allowed the N-intermediate in WT and M, N-
and O-intermediates in Y185F from the comparison of temperature controlled dark and light-
irradiating condition. Understandings on 13-cis photocycle and other photo-intermediates in all-trans
photocyle allows to gain insights into the characteristics and structure of proton pumping

bacteriorhodopsin.

-74 -



Materials and Methods

Sample preparation
Culture, harvest and purification

In order to culture H. salinarum, three steps of culture are applied. First of all, 10 mL of
natural peptone medium is poured into 30 mL conical flask and covered the neck with aluminum foil
and autoclaved. All operation was done under sterilization as followed. After autoclaved, put 0.5 mL
freeze stock of H. salinarum S-9 strain and incubated for three days with condition of 170 rpm and
37°C (Start-up culture). Transfer 10 mL of fungus liquid to larger scale of 50 mL flask with 20 mL
natural peptone medium and incubated for four days (Pre-culture). Afterwards, half of this medium
with bacteria was inoculated into 200 mL synthetic media in 500 mL flask at 110 rpm, 37°C under
light-irradiation for seven to ten days until its absorbance reaches to 1.1 (Main culture). In the case of
labeling, labled amino acids were used for synthetic media. E1001 mutant was used to label retinal
since this does not produce retinal and labeling place can be controlled by adding specific labeled
retinal when OD value is 0.5, 0.7 and 0.9 which usually are third, fifth and sixth days. It has some
sequence as wild type. Although start-up culture and pre-culture were done under dark condition and
main culture with light. This difference is because of increasing in the amount of bacteria under dark
condition and increasing the production of purple membrane under light.

To harvest, fungus liquid was pelleted by centrifuge at 4500 rpm for 40 mins at 4°C. Pour
out the supernatant, pour about 80 mL of basal salt and suspended with glass rods. Centrifuge was
applied again with same condition and put the supernatant out. In order to shatter bacterium body, cold
diluted water was added and mixed. Poured this solution to beaker, put two spoonfuls of
Deoxiribonuclease I with spatula and stirred for about two hours at 4°C. When it got homogeneous,
transferred to dialysis tube and dialyzed overnight in a MilliQ water. Then centrifuge was applied at
1800 rpm for 90 mins. Put the supernatant out and resuspended with 15 mL of HEPES buffer. At this
point, resuspend only purple membrane and not the other gray pellet which is heavier and can be seen
on the bottom of pellet of purple membrane. Applied centrifuge several times to get rid of gray pellet
thoroughly and resuspended with HEPES buffer and stored in a fridge.

Freeze stock was made at the stage of pre-culture. Filter the 50% of Glycerol solution to
sterilize and mix 500 pL of fungus liquid from pre-culture with the same volume of Glycerol solution.
Mix thoroughly with pipetting and store in a freezer at -80°C.

NMR sample was prepared by changing buffer from HEPES to buffer for NMR measurement.
Centrifuge was applied with condition of 18000%g, 90 mins several times to change buffer fully.

Media protocols

Here are media and buffer protocols used for any BR-mutants culture and purification. These
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protocols are based on Oesterhelt et al. report.°

Table 5. Buffer solutions

Basal Salt (pH 7.4, 500 mL scale)

NaCl 125 ¢
KCl lg
MgSO4 - 7TH,O 10g
CaCl, * 2H,O 0.lg
Trisodium Citrate « 2H,O 15¢
HEPES buffer(pH 7.0, 500 mL scale)
NaN3 0.125 g
HEPES 12¢g
Buffer for NMR measurement (pH 7.0, 500 mL scale)
NaN3 0.125 g
HEPES 06g
NaCl 03g
Table 6. Natural peptone medium (pH 7.4, 1 L scale)
NaCl 250 g
KCl 2g
MgSO;4 * 7TH,O 20g
CaCl, * 2H,O 200 mg
Trisodium Citrate *« 2H,O 3g
OXOID Bacteriological Peptone (Code L37) 10g
Metal solution stock for peptone medium 1 mL
Metal solution stock for peptone medium 100 mL (0.1 N HCI)
ZnSO4 * TH2O 65 mg
MnSO4 * H,0O 20 mg
FeCl, « 4H,O 27 mg
CuSO4 * 5SH2O 7.5 mg
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Table 7. Synthetic medium (pH 6.6, 2 L scale)

NaCl 500 g
MgSO, » TH,O 40¢g
KCl 2g
KNO3 200 mg
KH,POq4 300 mg
K,HPO4 300 mg
Trisodium Citrate + 2H,O lg
Glycerol lg
Metal solution stock for synthetic medium 2 mL
L-Ala 430 mg
L-Cys 100 mg
L-His 300 mg
L-Lys 1700 mg
L-Pro 100 mg
L-Tyr 400 mg
L-Arg 800 mg
L-Glu 2600 mg
L-Ile 440 mg
L-Met 370 mg
L-Ser 610 mg
L-Trp 50 mg
L-Asp 450 mg
Gly 120 mg
L-Leu 1600 mg
L-Phe 260 mg
L-Thr 500 mg
L-Val 1000 mg

Metal solution stock for synthetic medium 100 mL (0.1 N HCI)

CaClz * 2H,O 700 mg
CuSOq4 * 5H0 5mg
FeCl, * 4H,0O 230 mg
ZnSO4 * THO 44 mg
MnSO, * HO 30 mg
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Sample preparation for NMR measurements

Halobacterium salinarum S9 (E1001) was grown in a temporary medium containing [20,15-
B3CJretinal, [1-'3C]Tyr, ['*N]Pro and [(-'N]Lys to yield selectively labeled [20,15-'*C]retinal-, [1-
BC]Tyr-, ['N]Pro-, and [{-'°N]Lys-WT-BR in the PM. The PM was then isolated according to a
previously reported method.?®” Halobacterium salinarum S9 (Y185F-BR) was grown in a temporary
medium containing [1-3C]Tyr, ["*'N]Trp and [(-'*N]Lys to yield selectively labeled [1-'*C]Tyr-,
[">N]Trp-, and [{-"*'N]Lys-Y 185F-BR in the PM. The PM was then isolated according to a previously
reported method.?” Isotopically labeled bacterioopsins (Y185F-BOs) were prepared by photo-
bleaching of the corresponding Y185F-BR in 500 mM hydroxylamine solution (pH adjusted to pH
7.0) at 4°C. Isotopically labeled regenerated Y 185F-BR was obtained by the addition of [20,14-13C]
retinal or [20,15-"*C]retinal to Y185F-BOs obtained from bleached Y185F-BR in a process termed in
vitro retinal reconstitution.?%® Retinal bleaching and reconstitution were confirmed by measuring the
absorbance of BR. Samples were then suspended in a 5 mM N-(2-hydroxyethyl)piperazine-N’-2-
ethane sulfonic acid (HEPES) buffer with 10 mM NaCl at pH 7.0. For NMR measurements, 5 mM
Tris buffer with 300 mM NacCl at pH 9.0 was used.

Sample was diluted 10 times with buffer when obtain UV-Vis spectrum for yield calculation.
Maximum absorbance of BR appears at around 568 nm. Molecular weight of bacteriorhodopsin is

about 26000 [-]?! and molecular extinction coefficient is 63000 [mol! « L + cm™'J*%.

Solid-state NMR measurements

Pellet was put into NMR sample tube which is 5 mme made of ZrO,, capped with glass cap
and then enclosed with Araldite. CMX infinity-400 FT-NMR spectroscopy by Chemagnetics is used
for in-situ photoirradiation solid-state NMR measurement. For external reference, [1-'*C]Gly is used
as standard material and set as 176.03 ppm. In order to measure change in both retinal and protein side,
CP-MAS measurement were conducted with [1-'3C]Tyr-, ['SN]Pro-, [15,20-'*C]Retinal-labeled WT-
BR sample. Light irradiation condition for observing change in trapped intermediates was as follows:
Dark(D1)—Light(L1)—Dark(D2)—Light(L2). The MAS speed was set at 4 kHz.

These experiments are done at 20°C and -20°C for WT and 20°C, 0°C, -20°C and -40°C for

Y185F mutant. For trapping N intermediate, light condition was started from D1 to L2 and then
temperature was changed with light on to make sure that intermediates stay inside the AT cycle and
do not change back to CS. Measurements were continued in dark and then light as is supposed to be
same condition as D2 and L2, repeatedly.

In-situ photoirradiating solid-state NMR is a way to trap intermediates by controlling on/off
of LED light from outside of probe. As shown in Figure 9, optical fiber connected to LED source is
lead into probe and light goes directly into sample tube through glass cap. Since switch for LED is

outside of the probe, light irradiation control can be done without taking sample tube which means
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measurements can be done continuously without changing conditions. Light wavelength is changeable
among 520 nm, 595 nm and 365 nm by switching light source one to another. Sample was irradiated
with 50 mW 520 nm green LED light for WT and 520, 595 or 365 nm LED lights for Y185F.!”® In the
NMR measurements, CP pulse sequence was used with a 1 ms contact time, followed by acquisition
with a 50 kHz TPPM proton decoupling pulse.?’® Typically 20,000 transients were accumulated for
each experiment. To elucidate the stepwise reaction pathways, difference spectra are shown to provide

information on reactant and product species as negative and positive peaks, respectively.

Results and Discussions

Results of WT observation
[20-1*C]retinal signal observation of photo-trapped intermediates

NMR measurements on retinal C20 and C14 as well as latter shown Tyr carbonyl signal
were observed under following conditions: (1) in the dark (D1), which provided a dark-adapted state
at both 20°C and —20°C; (2) under illumination with 520 nm LED light (L1), which provided a light-
adapted state at 20°C and photo-excited state from D1 at —20°C; (3) in the dark (D2), which provided
a relaxation to dark-adapted state at 20°C and a light-adapted state from L1 at —20°C; (4) and then
under illumination with 520 nm LED light (L2), which provided a photo-excited state from D2 at both
20°C and —20°C; and (5) in the dark (D3), which provided a light-adapted state from L2 which result
is only shown for Y 185F mutant. CP-MAS spectra of [20-13C]retinal under 20°C and —20°C is shown
in Figure 36 and Figure 37, Figure 38 and Figure 39, respectively. Figure 37 shows the comparison
between D1 and L1 at 20°C. D1 was measured after NMR tube was kept in a dark place for > 4 hours.
Two peaks were observed at 13.1 ppm and 22.0 ppm which were assigned as all-trans and 13-cis, 15-
syn retinal, respectively, based on the previous research. Integrated ratio of both peaks were almost
the same which showed two contents exists as 1:1 as reported formerly. Other peaks and backgrounds
are mainly the signals of lipids. The broad and several sharp lipid peaks were overlapped each other
and that makes integrated ratio of peaks of the retinal peak unprecise. By irradiating light to this dark-
adapted state (L1 condition), peak of 13-cis, 15-syn at 22.0 ppm decreased and peak at 13.1 ppm
increased compared to the D1 spectrum. This result indicates that the conformation change from 13-
cis, 15-syn to all-trans was occurred at L1. When the light was turned off after L1 condition, shown
as D2, peak changed back to the dark-adapted state at 20°C. Half of all-trans retinal changed to 13-
cis, 15-syn to the same composition as the initial dark-adapted state at D1.

Result at —20°C was considered to be the same change at 20°C; however, it changed
differently (Figure 38 and Figure 39). D1 was recorded as dark-adapted state which turned from 13-

cis, 15-syn to another peak at 19.7 ppm at L1 and all-¢rans peak remained the same. Since chemical
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Figure 36. Comparison between CP-MAS spectra of [20-3C]Ret-BR at D1 and L1 at 20°C.
(Left top) Overlapped spectra of D1 and L1. (Left bottom) Difference spectrum of two spectra above.
(Right) Pathway highlighted in orange represents the change from D1 to L1.

shift of newly appeared peak is close to 13-cis conformation, we defined this as a CS*-intermediate.
During the measurement of L1, the peak at 19.7 ppm showed slight decrease in its intensity and in
contrast the small increase was observed in all-frans peak. While L1 measurement, light was
continuously irradiated, thus, CS*-intermediate was stationaliry trapped, however, few amount of this
intermediate leaked to all-frans state. Changing the condition back to dark, D2, CS*-intermediate was
transferred to all-frans to show the ~100% all-trans state, light-adapted state, although light was turned
off.

After D2 measurement trapping ~100% all-trans, green light was again irradiated to trap
photo-intermediates in all-trans photocycle. As is shown in Figure 40 , all-frans peak decreased and

peak at 19.7 ppm increased. This indicates the change from all-trans to intermediate in the all-trans
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Figure 37. Comparison between CP-MAS spectra of [20-'*C|Ret-BR at L1 and D2 at 20°C.
(Left top) Overlapped spectra of D1 and L1. (Left bottom) Difference spectrum of two spectra above.
(Right) Pathway highlighted in orange represents the change from L1 to D2.

photocycle. According to the report by Hu et al.?’!, N-intermediate was easily trapped around -20°C,
therefore, this peak at 19.7 ppm at L2 was determined as N-intermediate. This peak has the same
chemical shift as CS*-intermediate, therefore, retinal takes similar conformation as CS*-intermediate
probably. The ratio of N intermediate changed depending on temperature. At 20°C, N intermediate
was not trapped, but from —15°C, it increased the amount of trapped N and it reached almost 85% of
whole BR at —35°C (

Figure 41). The population of N-intermediate increased as the temperature was set lower. Percentage

of trapped intermediate is rough estimation from the integration of the peak.
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Figure 38. Comparison between CP-MAS spectra of [20-*C]Ret-BR at D1 and L1 at -20°C.
(Left top) Overlapped spectra of D1 and L1. (Left bottom) Difference spectrum of two spectra above.
(Right) Pathway highlighted in orange represents the change from D1 to L1.
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Figure 39. Comparison between CP-MAS spectra of [20-*C]Ret-BR at L1 and D2 at -20°C.
(Left top) Overlapped spectra of D1 and L1. (Left bottom) Difference spectrum of two spectra above.
(Right) Pathway highlighted in orange represents the change from L1 to D2.
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Figure 40. Comparison between CP-MAS spectra of [20-1*C]Ret-BR at D2 and L2 at -20°C.
(Left top) Overlapped spectra of D1 and L1. (Left bottom) Difference spectrum of two spectra above.
(Right) Pathway highlighted in orange represents the change from D2 to L2.
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Figure 41. Comparison of CP-MAS spectra of [20-'*C]Ret-BR at different temperatures.
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[1-BC]Tyr signal observation at each photo-intermediate

Simultaneously observed Tyr backbone signal showed corresponding signal change as retinal
C20. At D1 at 20°C, overlapping two peaks at 175.8 ppm and 174.2 ppm were observed which were
assigned to be a-helix and loop based on the previous assignments (Figure 42).272?73 Loop peak was
slightly higher than o-helix peak at D1 when retinal composition of all-trans and 13-cis, 15-syn was
1:1. With the light irradiation (L1), spectrum did not change although retinal composition changed to
~100% all-trans. Change of retinal conformation from 13-cis, 15-syn to all-trans is thought to affect
tyrosine vicinal of retinal;?’® however, no change was observed. Putting back to dark state, D2, it did
not change as it can be expected.

No change was observed at 20°C, but there was a change at CS*-intermediate at lower
temperature. The spectrum at D1 at -20°C was almost the same as at 20°C. At L1, a-helix peak
increased and instead, loop peak decreased in its intensity (Figure 43). This change may be caused by
the conformational change in CS*-intermediate. At light-adapted state at D2, it went back to the
previous spectra pattern with higher intensity in loop as D1 (Figure 44). Still there are some peaks in
difference spectrum.

Tyr spectra showed similar change as CS* intermediate when N-intermediate was trapped
at L2. As it gets to lower temperature, the loop peak decreased and the a-helix peak increased (Figure

45). Ratio of trapped intermediate was decided from retinal spectra.

a-helix (175.8 ppm) Loop (174.2 ppm)

Top:

D1 (CS-BR;4s&AT-B
L1 (AT-BR.
Bottom:

L1-D1

Figure 42. Comparison between CP-MAS spectra of [1-'3C|Tyr-BR at D1 and L1 at 20°C and
observing pathways.
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Figure 43. Comparison between CP-MAS spectra of [1-*C]Tyr-BR at D1 and L1 at -20°C and
observing pathways.
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Figure 44. Comparison between CP-MAS spectra of [1-*C]Tyr-BR at L1 and D2 at -20°C and
observing pathway.
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Figure 45. Comparison of CP-MAS spectra of [1-'3C] Tyr-BR at different temperatures.
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Discussion on the photocycle observed in WT

Existence of CS* intermediate

Temperature-dependent retinal conformation change revealed the existence of photo-
intermediate in 13-cis photocycle. The change observed at 20°C is a typical retinal change seen in
many papers. The retinal change at -20°C showed the photo-intermediate existence during the pathway
from 13-cis, 15-syn to all-trans. This should be a photo-intermediate as the light illumination is of
necessity to avoid leak to all-trans state as well as the temperature of -20°C or lower to keep CS*-
intermediate trapped for more than one day as it quickly changes to all-trans state without light and
with higher temperature. Stational trap of this state was, therefore, enabled by the equilibrium between
ground state of 13-cis photocycle and CS*-intermediate which both pathways from 13-cis, 15-syn to
CS* state and from CS* to 13-cis, 15-syn state require the photon absorption.

The pathway from CS* to all-frans state occurs in dark indicating that this pathway is
thermal relaxation. This explains the reason of not trapping CS*-intermediate at 20°C where speed of
relaxation pathway from CS* to all-frans increases with temperature that exceeds the speed of CS*
changing back to the ground state of 13-cis photocycle. Therefore, the photocyclic pathway from CS
to AT through CS* is suggested to exist at 20°C as well, but was not detectable because of the kinetic
balance of the two branched pathways at CS*-intermediate.

At L2, the observation of pure N-intermediate was successful by illuminating light-adapted
state. The trapped ratio of AT and N-intermediate changes depending on the temperature as the
relaxation from N occurs thermally. The chemical shift of N- and CS*-intermediate was similar at L1,

however the rough population of N-intermediate can be estimated based on the signal integration of

N (19.7 ppm)| AT-BR.,,

CS-BR* (19.7 ppm)l (13.1 ppm) Direct pathway Pathway through AT Pathway from AT

from CS to CS* to N intermediate to N intermediate

Top: ....... :
%:NA{TLE}N(H) CS-BRgy l CS-BR;ys |
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oo Y 4 LE3 P
: ¢ ' | o CS-BR* | \ ) |
I N - N .
A a4 "
———T—T—T—— i N2 ! N2
50 40 0 ppm 20 10 o 1 .. -

Figure 46. Comparison between CP-MAS spectra of [20-*C]|Ret-BR at L1 and L2 at -20°C and
verification of 13-cis* intermediate existence.
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AT at D1. The peaks of CS*- and/or N*-intermediate at L1 and L2 arise from the CS*-intermediate
changed from CS (~100% conversion of ~50% existing species) and N-intermediate from AT (~20%
conversion of ~50% existing species), and N-intermediate from AT (~20% conversion of ~100%
existing species), respectively. Indeed, the signal intensity difference was observed in L1 and L2
spectra neglecting the hypothesis that species observed at L1 is an intermediate in all-trans photocycle
i.e. detecting only N-intermediate. Therefore, from these comparisons, the existence of CS*-
intermediate was clearly revealed (Figure 46). The photocycle including CS*-intermediate was

revealed as is shown in Figure 47.

Tyr structural change upon retinal isomerization

Tyr spectra showed similar spectra pattern for dark-adapted and light-adapted states. The
overlapping signal of 11 Tyr residues in BR indicate the backbone structural similarity of AT and CS
as well as CS*- and N-intermediate, but the difference between ground states and photo-intermediates.
These data indicate that the CS photocyclic pathway is sort of similar to AT photocycle and the
importance of CS*-intermediate during the photocyclic activity. Previous studies on Tyr in BR,
especially Tyrl85 in the vicinity of retinal, discussed the correlation of retinal and Tyrl85
conformation. Single Tyr185 signal was observed by 2D *C-!*C PDSD correlation spectra of the
dark-adapted BR.?** The solution NMR structures of AT and CS showed no displacements of Tyr185
during dark-light adaptation as well as crystallographic data.>*3**’* However, Tyr assignment by
REDOR filter NMR method, two peaks appeared as Tyr185 carbonyl signal with splitting of 4.3 ppm

272,273

indicating the two conditions exists in dark-adapted state which is contradictory to the previous

report.
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Figure 47. Photocycle obtained from these experiments and key feature of this new photocycle.
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Results of Y185F observation
Photo-reaction pathways as revealed with [20-3C]retinal(Ret)-Y185F-BR

Figure 48 shows the temperature variation of [20-'3C]Ret-Y 185F-BR over the range from
20°C to —40°C. The BR signals were not pronounced at 20°C, 0°C and —20°C, but the signals were
markedly increased at —40°C. This phenomenon is explained as follows: the motion of retinal becomes
rigid in the low temperature range and consequently the cross-polarization efficiency increases and
hence the signal intensity becomes pronounced. '*C NMR signals of [20-'3C]retinal also increased
markedly and the signals at 21.7 and 13.2 ppm were assigned to the 13-cis, 15-syn (CS) and all-trans
(AT) states of Y185F-BR, and were consistent with the signals at 22.0 and 13.3 ppm for the CS and
AT states of WT as shown in Table 1. The ratio of CS : AT was approximately 4 : 1; hence, in the dark,
the CS state of the Y185F-BR mutant is more stable than the AT state.

CS AT
21.7 13.2
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50 40 30 20 10 0
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Figure 48. 13C CP-MAS NMR spectra of [20-*C]Ret-Y185F-BR at various temperatures.
(A) 20 °C, (B) 0 °C, (C) =20 °C, and (D) —40 °C.
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Figure 49. 3C CP-MAS NMR spectra of [20-'*C]Ret-Y185F-BR at —40 °C under various conditions.
NMR spectra were recorded (A. D1) in the dark, (B. L1) under irradiation with 520 nm light, (C. D2) in the
dark, (D. L2) under irradiation with 520 nm light, and (E. D3) in the dark.
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Figure 50. Difference spectra of [20-'*C]Ret-Y185F-BR at —40 °C.

The pathways are from (A. L1-D1) D1 to L1, (B. D2-L1) L1 to D2, (C. L2-D2) D2 to L2, (D. D3-L2) L2

to D3, and (E. D2-D1) D1 to D2.
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As shown in Figure 49, the photo-reaction pathways were investigated by acquiring '3C CP-
MAS NMR spectra at —40°C under the following conditions: (1) in the dark (D1), which provided a
dark-adapted state; (2) under illumination with 520 nm LED light (L1), which provided a photo-
excited state from D1; (3) in the dark (D2), which provided a light-adapted state from L1; (4) and then
under illumination with 520 nm LED light (L2), which provided a photo-excited state from D2; and
(5) in the dark (D3), which provided a light-adapted state from L2. The '*C CP-MAS NMR spectra
recorded during D1, L1, D2, L2 and D3 at —40°C are shown in Figure 50. In the first process (D1 to
L1), the signals at 21.7 and 13.2 ppm (which were assigned to the CS and AT states, respectively)
decreased, and the signals at 19.2 ppm (which were assigned to the N- and CS*-intermediates)
increased (Figure 49A and B).

The signals associated with the transformation processes were further analyzed by
examining the L1 minus D1 (the light-adapted state minus the dark-adapted state) difference spectrum
(Figure 50A), in which negative peaks indicate reactant species and positive peaks indicate product
species. Figure 51A indicates that the CS (21.7 ppm) and AT (13.2 ppm) states decreased and the N-
(19.2 ppm) and CS*- (18.0 ppm) intermediates increased under irradiation with 520 nm light. The
changes in the signal intensity indicate that the CS*-intermediate was transformed from the CS state
and the N-intermediate was transformed from the AT state. In addition to these two pathways, the CS
state was converted to the AT state through the CS photocycle and subsequently transformed to the N-
intermediate because the NMR signal intensity of the N-intermediate is the same as that of the CS*
intermediate although the NMR signal intensity of the AT state is much smaller than that of the CS
state. As shown in Figure 50B, in the process leading from L1 to D2, the N-intermediate (19.2 ppm)
decreased and the O-intermediate (13.2 ppm) increased, indicating that the N-intermediate
transformed to the O-intermediate in the dark. This result is consistent with the report that a stable O-
intermediate forms during light-adaptation for the Y185-BR mutant.?’’”> As shown in Figure 50C, in
the process leading from D2 to L2, the O-intermediate transformed to the N-intermediate possibly
through the AT state by considering that Y185F-BR takes a similar photocycle to that of AT of wild
type BR under irradiation with 520 nm light. This result is also consistent with the report that
photoexcitation of the OY'¥F-intermediate produced an N-intermediate and an M-intermediate was
not found.?®® Figure 50D shows that in the process leading from L2 to D3, the N-intermediate
transformed to the O-intermediate in the dark.

Figure 50E shows the process leading from the D1 to D2 state: the CS state transformed not
only to the CS*-intermediate, but also to the O-intermediate, indicating that the end products derive
from the CS state. The chemical shifts in the AT and CS states and in the CS*-, N- and O-intermediates
indicate that the CS state and the CS*- and N-intermediates possess a 13-cis configuration and that the
AT state and O-intermediate form a 13-frans configuration by comparing the chemical shifts

corresponding to the configurations of retinal at individual intermediates (Table 8).
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Photo-reaction pathways as observed with [14-3C|Ret-Y185F-BR

The retinal configuration of the individual photo-intermediates (AT and CS states, and CS*-,
N-, and O-intermediates) were further examined by inspecting the chemical shifts of [14-3C]-Ret-
Y 185F-BR signals. In the dark-adapted state, signals at 110.0 and 123.1 ppm were assigned to the CS
and AT states as shown in Figure 51A. In the process leading from D1 to L1, signals of the CS and
AT states decreased and those of the CS*-intermediate at 115.3 ppm and the N-intermediate at 125.4
ppm clearly increased in the difference spectrum (Figure 52A). This result indicates that the CS state
is converted to the CS*-intermediate and the AT state is converted to the N-intermediate under
irradiation with 520 nm light. At the same time, the CS state is also converted to the N-intermediate,
probably through the leaking process from the CS-photocycle to the AT state because the NMR signal
intensity of the N-intermediate appeared larger than that of the CS*-intermediate although the NMR
intensity of the AT state was much smaller than that of the CS state. In the process leading from L1 to
D2, signals of the N-intermediate decreased and those of the O-intermediate increased in the dark
(Figure 52B). This result indicates that the N-intermediate was converted to the O-intermediate. It
should be noted that the O-intermediate is highly stable in the dark at —40°C. In the process leading
from D2 to L2, signals of the O-intermediate decreased and those of the N-intermediate increased,
whereas signals of the CS*-intermediate did not change (Figure 52C). These data indicate that the O-
intermediate excited to the N-intermediate possibly via the AT state by considering that Y185F-BR
takes a similar photocycle to that of AT of wild type BR under irradiation with 520 nm light. It should
also be noted that the CS*-intermediate is not excited under irradiation with 520 nm light. In the
process leading from L2 to D3, the N-intermediate was converted to the O-intermediate in the dark
(Figure 52D). In the process leading from D1 to D2, the CS state was converted not only to the CS*-
intermediate as an end product, but also to the O-intermediate (or the AT state) (Figure 52E).

Analysis of the chemical shift data indicates that the AT and CS states and the CS*-, N- and
O-intermediates form (13-trans, 15-anti), (13-cis, 15-syn), (13-cis, 15-syn), (13-cis, 15-anti) and (13-
trans, 15-anti), respectively (Table 8). It is stressed that configurations of C13=C14 and C15=N bonds
in retinal can be clearly assigned by '*C chemical shifts of [20-3C] and [14-'*C]retinals, respectively.

Because the CS*-intermediate is very stable at —40°C, the temperature was increased to
—20°C in the dark for 1 day. After the temperature was decreased to —40°C, the signal was acquired as
shown in Figure 53B. The signal of the CS*-intermediate decreased and that of the AT state (or O-
intermediate) increased. Subsequently, the temperature was increased to 20°C for 1 day, and the signals
were acquired at —40°C (Figure 53C). The signals of the AT state (or O-intermediate) decreased and
those of the CS state increased to equilibrate to the dark-adapted state. The CS state again was
converted to the CS*- and N-intermediates possibly through the AT state upon irradiation with 520
nm light at —40°C (Figure 53D). This result confirmed that the CS*-intermediate was transformed
only from the CS state.
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Figure 51. 3C CP-MAS NMR spectra of [14-*C]Ret-Y185F-BR at —40 °C under various conditions.
NMR spectra were recorded (A. D1) in the dark, (B. L1) under irradiation with 520 nm light, (C. D2) in the
dark, (D. L2) under irradiation with 520 nm light, and (E. D3) in the dark.

-98 -



AT
123.1 CS
(0] CS* 110.0
N123.1 153 !
125.4 |

D. D3T\LE\/\-\,_‘J"\W

B. DZW
C.12 -:E23LJn\\Q/Jﬂ~“v\-\uunr“~4\i"4v“”ﬁb“~"'ﬁ‘

SRR CERRRREE B
F
|
|
1
I
eSS oL SN
|
|

l I I I
130 120 110 100
Chemical shift [ppm]

Figure 52. Difference spectra of [14-1*C]Ret-Y185F-BR at —40°C.
The pathway from (A. L1-D1) D1 to L1, (B.D2-L1) L1 to D2, (C. L2-D2) D2 to L2, (D. D3-L2) L2 to D3,
and (E. D2-D1) D1 to D2 are shown.
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Figure 53. 13C CP-MAS NMR spectra of [14-13C]Ret-Y185F-BR under various conditions.

(A) Spectra recorded at —40°C in the dark after irradiation with 520 nm light. (B) After increasing the
temperature to —20°C, recorded at —40°C. (C) After increasing the temperature to 20°C, recorded at —
40°C. (D) The NMR spectrum recorded at —40°C under irradiation with 520 nm light.
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Photo-reaction pathways as observed with [15-3C|Ret-Y185F-BR

The retinal configuration of the individual photo-intermediates (the AT and CS states, and
the CS*-, N-, and O-intermediates) was examined by inspecting the chemical shifts of [15-'3C]Ret-
Y 185F-BR signals at 40°C. In the dark-adapted state, signals at 165.4 and 159.4 ppm were assigned
to the CS and AT states, as shown in Figure 54A and Figure 54. In the process leading from D1 (Figure
54A and Figure 54C) to L1 (Figure 54B and Figure 54D), signals of the CS and AT states decreased
and those of the CS*-intermediate at 162.2 ppm and the N-intermediate at 163.8 ppm increased (Figure
55A). This result indicates that the CS state is converted to the CS*-intermediate and that the AT state
is converted to the N-intermediate. At the same time, the CS state was also converted to the N-
intermediate, probably through the leaking process from the CS photocycle to the AT state, because
the NMR signal intensity of the N-intermediate appeared larger than that of the CS*-intermediates
although the NMR signal intensity of the AT state was much smaller than that of the CS state (Figure
57C and D).

In the process leading from L1 to D2, signals of the N-intermediate decreased and those of
the O-intermediate increased (Figure 55B). This result indicates that the N-intermediate was converted
to the O-intermediate. It should be noted that the O-intermediate is stable in the dark at —40 °C. In the
process leading from D2 to L2, signals of the O-intermediate decreased and those of the N-
intermediate increased, whereas signals of the CS*-intermediate did not change (Figure 55C and
Figure 56A). These data indicate that the O-intermediate was excited to the N-intermediate via the AT
photocycle under irradiation with 520 nm light.

After the D2 process, the temperature was increased to —20 °C in the dark for 1 day, and the
signal was acquired at —40 °C (Figure 57B). The signal of the CS*-intermediate decreased and that of
the AT state (or O-intermediate) increased. After the temperature was increased to 20 °C for 1 day, the
signal was subsequently acquired at —40 °C (Figure 57C). The signal of the AT state (or O-
intermediate) decreased and that of the CS state increased until reaching equilibrium as the dark-

adapted state (D1 process).
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Figure 54. 3C CP-MAS NMR spectra of [15-3C]Ret-Y185F-BR at -40°C and 4 kHz spinning
frequency under various conditions.

NMR spectra were collected (A. D1) in the dark, (B. L1) under irradiation with 520 nm light, (C. D2) in
the dark, and (D. L2) under irradiation with 520 nm light.
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Figure 55. Difference spectra of [15-1*C]Ret-Y185F at -40°C and 4 kHz spinning frequency.
The pathway from (A. L1-D1) D1 to L1, (B. D2-L1) L1 to D2, (C. L2-D2) D2 to L2, (D. D3-L2) L2 to D3,
and (E. D2-D1) D1 to D2 are shown.
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Discussion on the photocycle observed in Y185F

The photo-cycle of the CS state in the dark-adapted state has not been studied extensively.
In our photo-irradiation solid state NMR experiments, we clearly detected the conversion of the CS
state to the CS*-intermediate (batho-13-cis-BR in Iwasa et al.). The CS* intermediate has (13-cis, 15-
syn) retinal configuration which is the same as that of the CS state. However, chemical shift values of
20-13C and 14-13C of retinals are significantly different from each other (Table 1). This experimental
evidence indicates that the retinal configuration of the CS* intermediate is twisted significantly from
that of the CS state by interacting with the protein, and thus it is recognized that the CS state is
converted to the CS*-intermediate with photo isomerization. The CS*-intermediate is highly stable at
—40 °C and thus did not change in the dark, whereas it was converted to the AT state at —20 °C (Figure
53B and Figure 57B), which is designated as the light-adapted state in WT bacteriorhodopsin. The
pathway from the CS*-intermediate to the AT state (or O-intermediate) is temporary, as evidenced by
the inability to distinguish the AT state and the O-intermediate in these photo-irradiation NMR
experiments. Further experiments will be necessary to accurately determine the pathway. The CS state
was possibly converted to the AT state at —40 °C under irradiation with 520 nm light because the NMR
signal of the N-intermediate was the same as or larger than that of the CS* (Figure 50A, Figure 52A
and Figure 57D). This stoichiometric relationship suggests that there is a pathway from the CS state
to the AT state as shown by the dotted green arrow in Figure 60. The AT state was converted to the N-
intermediate through the K-, L- and M-intermediates as the AT photocycle and converted to the O-
intermediate in the dark to form the light-adapted state.

This light-adapted state can be changed back to the dark-adapted state by raising the
temperature to 20 °C, that is, the AT state is converted to the CS state and the AT : CS molar ratio
equilibrates to 1 : 3 (Figure 53C and Figure 57C). It should be noted that the AT state is converted to
the N-intermediate upon irradiation with 520 nm light, and this N-intermediate is changed to the O-
intermediate in the dark, where it is highly stable in the dark. The O-intermediate is readily converted
to the N-intermediate possibly via the AT state by considering that Y185F-BR takes a similar
photocycle to that of AT of wild type BR upon irradiation with 520 nm light. In the case of Y185F-
BR, it was reported that the OY!#F-intermediate converted to the N-intermediate through the Keeo-

intermediate,?’¢

which was a different pathway from the AT photocycle. In these NMR experiments,
this pathway could not be distinguished from the AT photocycle.

Thus, the photo-reaction pathway of the CS state in Y185F-BR can be summarized as shown
in Figure 60. First, the CS state is converted to the CS*-intermediate and also to the AT state under
photo-irradiation with 520 nm light. The AT state is converted to the N-intermediate under irradiation
with the same wavelength of light through the AT photocycle. Consequently, the N-intermediate is
excited directly to the AT state under irradiation with light at 520 nm. On the other hand, the N-

intermediate relaxes to the O-intermediate in the dark, because the O-intermediate has a longer half-
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life than the N-intermediate at —40 °C. Furthermore, the O-intermediate is converted directly to the
AT state under irradiation with 520 nm light. These types of double photon processes can occur in the
cases where the half-life is long and the quantum yield of light is optimal.

Similarly, when the D2 state was irradiated with 595 nm light (orange), the O-intermediate
was excited to the N-intermediate (Figure 581 and L) through the AT photocycle. In contrast, when the
D2 state was irradiated with 365 nm light, the O-intermediate was not excited to the N-intermediate
(Figure 591 and L). These results indicate that the N-intermediate is not an M-intermediate, because
the M-intermediate absorbs 365 nm light to change to the AT state: hence, the M-intermediate is not
trapped under irradiation with 365 nm light at —40 °C. It is also evident that the N-intermediate is
converted to the AT state and returns to the N-intermediate via the K and L-intermediates during
irradiation with 520 nm light. These photo-reaction pathways were observed with efficient continuous
illumination with 520, 595, and 365 nm light. The Y185F-BR mutant significantly increases the half-
lives of CS*-, N- and O-intermediates and thus '3C NMR signals of the intermediates were able to be
observed by photoirradiation solid state NMR experiments. Particularly, NMR signals of the CS*- and
O-intermediates in Y185F-BR were observed for the first time by this experiment. Tyr185 of the wild-
type BR in helix F forms an inter-a-helical hydrogen bond with Asp212 in helix G. The replacement
of Tyr185 with Phe may cause disruption of the hydrogen bond network, which in turn perturbs the
dynamic structure of BR, generating elongation of the half-lives of CS*-, N- and O-intermediates.
Indeed, perturbation of '3C CP-MAS NMR signals of [1-'3C]Pro was observed by mutation of Y185F

in bacteriorhodopsin.?”’

- 105 -



CS

165.4
N O

163.8 159.4
1 1
] |
|CS*|

1
162.2,

| | | 1 | |
190 180 170 160 150 140

Chemical shift [ppm]

Figure 56. 3C CP-MAS NMR spectra of [15-3C]Ret-Y185F-BR at -40°C and 6 kHz spinning
frequency under various conditions.

NMR spectra were measured (A. D2) in the dark after irradiation with 520 nm light, (B. L2) under
irradiation with 520 nm light, and (C. D3) in the dark.
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Figure 57. 3C CP-MAS NMR spectra of [15-13C|Ret-Y185F-BR at 6 kHz spinning frequency under
various conditions.

(A) Collected at -40°C in the dark after irradiation with 520 nm light. (B) After increasing the temperature
to -20°C, and collected at -40°C. (C) After increasing the temperature to 20°C, and collected at -40°C. (D)
Measured the NMR spectrum at -40°C under irradiation with 520 nm light.
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Figure 58. 1*C CP-MAS NMR spectra of [20-1*C]Ret-Y185F-BR at -40°C.

(A. D) In the dark after irradiation with 520 nm light, (B. E) under irradiation with 520 nm light, and (C,

F) difference spectra (B - A) and (E - D), respectively. '*C CP-MAS NMR spectra of [20-'*C]Ret-Y 185F-

BR at -40°C (G. J) in the dark after irradiation with 520 nm light, (H. K)under irradiation with 595 nm

(orange) light, (I, L) difference spectra (H — G) and (K — J), respectively.
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Figure 59. 1*C CP-MAS NMR spectra of [20-1*C]Ret-Y185F-BR at -40°C.

(A. D) In the dark after irradiation with 520 nm light, (B. E) under irradiation with 520 nm light, and (C,

F) difference spectra (B - A) and (E - D), respectively. '*C CP-MAS NMR spectra of [20-'*C]Ret-Y 185F-

BR at -40°C (G. J) in the dark after irradiation with 595 nm light, (H. K)under irradiation with 365 nm

(blue) light, (I, L) difference spectra (H — G) and (K- J), respectively.
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Figure 60. Photo reaction pathways of Y185F-BR.
Solid green arrows indicate photo reaction pathways under irradiation with 520 nm light. Solid black arrows
indicate thermal relaxation pathways. Broken arrows indicate hypothetical pathways.
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Conclusion

The photo reaction pathways of BR-WT and BR-Y 185F mutant were investigated using in
situ photo-irradiation solid-state NMR spectroscopy. In the dark-adapted state, the CS and AT states
coexist at a CS : AT molar ratio of 1 : 1 in WT. The CS state is converted to the CS*-intermediate and
AT state is converted to the N-intermediate under photo-irradiation with 520 nm light. Trapped CS*-
intermediate is leaked to AT state in dark. Although it changed without light, this pathway was
determined to be occurring by thermal relaxation. Continuous observation of CS*-intermediate also
indicated the back flow to CS state which requires light irradiation. The balance of two pathways from
CS*-intermediate decide the amount of leak to AT state which can be controlled by the temperature.
The formation of N-intermediate was observed by irradiating the light-adapted state. The photocycle
including CS*-intermediate was shown, although it differs in some part as that observed in Y185F
mutant. In the dark-adapted state, the CS and AT states coexist at a CS : AT molar ratio of 3 : 1. The
CS state is converted to the CS*-intermediate and the AT state is converted to the N-intermediate under
photo-irradiation with 520 nm light. The CS state is also converted to the N-intermediate through the
AT state under photo-irradiation with 520 nm light. In addition, the N-intermediate is converted
directly to the AT state under irradiation with 520 nm light, and thus, the apparent AT photocycle
appears as a double photon process: AT — N — AT, where the rate of N — AT transformation is
slower than that of the AT — N-intermediate transformation. However, the N-intermediate is
converted to the O-intermediate in the dark, because the half-life of the O-intermediate is longer than
that of the N-intermediate at —40 °C. The O-intermediate is also directly converted to the AT state
under irradiation with 520 nm light. In contrast, the O-intermediate is converted to the AT state in the
thermal relaxation process at —20 °C. Furthermore, the CS* is converted to the AT state which is
subsequently converted to the CS state until reaching equilibrium at 20 °C in the dark. We also
examined [20-'3C]retinal and [14-!*C]retinal to determine the C13=C14 and C15=N configurations,
respectively. The configurations of the AT and CS states and the CS*-, N- and O-intermediates were
determined to be (13-trans, 15-anti), (13-cis, 15-syn), (13-cis, 15-syn), (13-cis, 15-anti), (13-trans, 15-

anti), respectively.
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Understandings about retinal-binding
site

Summary

Retinal-binding site, the reaction center of rhodopsin, is an indispensable part in rhodopsin
research for comprehensive understanding of mechanisms. Structures of retinal and surrounding
residues at ground state and excited state provides essential interactions for ion transportation and
protein structural change during photocycle.

Here, we focused on three main projects related to retinal-binding site of rhodopsins:
essential conformation and interactions at retinal-binding site of Krokinobacter thodopsin 2 (Chapter
2), long-distance perturbation of extracellular structure to Schiff base-counterion interaction in KR2
(Chapter 3), and track-observation of retinal conformation change from ground state to excited state
observed in bacteriorhodopsin (Chapter 4).

In Chapter 2, essential interactions in retinal-binding site of KR2 were discussed since KR2
has Schiff base counterion at unique location compared to other known proton or chloride pumping
rhodopsins and the mechanism of dislocating Schiff base proton and conformation of proton-accepted
counterion should have been revealed. Retinal and nearby residues-labeled KR2 sample with various
pH from neutral to acidic were applied to DARR experiment. From the assigned chemical shifts,
torsion around Schiff base was induced because of the unique location of counterion and change of
protonation state of counterion was observed. In addition, another Asp residue at the other side of
retinal, Asp251, showed no change in the interaction with Tyr218 which hydrogen bond is weak
compared to other rhodopsins probably because of the functionality of Asp251 which binds to sodium
ion during photocycle. These information gave us new insights about unique mechanism of sodium
pump.

In Chapter 3, influence of extracellular structure on selectivity in transporting ions was
discussed. A light-driven Na* pump KR2 has additional proton pump ability in the absence of Na*
when K* or larger alkali metal ions are present. Limited information is known about the proton
pumping function of KR2 except that a specific mutation of H30A eliminates the proton pump ability
while maintaining Na* pump. Alteration of bound Na® at the characteristic Na* binding site at
extracellular side in KR2 to K or larger ions induced the structural change of the protein. Observation
at Schiff base WT and H30A mutant under alteration of the alkali metal ion revealed the bound and

unbound states depending on ions in buffer. In the absence of His30 and bound ion at extracellular
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binding site induced larger shift in the Schiff base peak indicating the strong electrostatic interaction
and torsion around Schiff base. With the results of FTIR and flash-photolysis, we proposed a model
why H30A mutant in K* or larger alkali metal ion lacks proton pumping function. These results
suggested the hydrogen bonding network that connects between extracellular side and retinal-binding
site.

In Chapter 4, retinal and protein conformation changes at photo-excited state were discussed.
Bacteriorhodopsin (BR) is a rare rhodopsin of having two conformations of all-trans, 15-anti and 13-
cis, 15-syn retinal at ground state with 1:1 ratio. Proton pump activity is expressed during all-trans
photocycle where 13-cis retinal is converted to all-trans before excited to K-intermediate. Structural
change was observed at retinal and Tyr backbone using in-situ photo-irradiated solid-state NMR.
Control on temperature and light-irradiation condition enabled to trap photo-intermediates of CS* in
13-cis photocycle and N in all-trans photocycle in wild type sample. To increase the yield of CS*-
intermediate, same measurements were conducted on Y185F mutant, which has higher ratio of 13-cis
at ground state, to find the retinal conformation at CS*-intermediate to be 13-cis, 15-syn. Tyr backbone
in WT showed similar signal pattern in CS*- and N-intermediates indicating the functional importance
of CS*-intermediate. These results deepen the mechanistic understanding of bacteriorhodopsin and
the application of this method to other rhodopsins should expand the knowledge on the unclear
photocyclic process.

These works on retinal-binding site provided us some facts that crucial interactions around
retinal are held at ground state to maintain the functionality and the interaction change induces
structural change in protein which change was induced by conformational change of retinal. The data
obtained at ground state should be base for the observation of structural change at photo-intermediates
to track the structural change which should provide more detailed information on mechanism of each

pumps.
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