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Abstract
Microbial rhodopsins are typical membrane proteins with seven transmembrane
alpha-helices (helices A–G). This type of protein has a retinal molecule as the
chromophore. The microbial rhodopsins use the retinal chromophore attached at a
conserved lysine residue to absorb photons for light-energy conversion and
light-signal transduction. The molecular mechanisms of microbial rhodopsins have
been discussed at the individual amino acid level. In this study, we have prepared
amino acid replaced mutants for sensory rhodopsin II from Halobacterium
salinarum (HsSRII), and archaerhodopsin discovered by our group from salt lake in
Inner Mongolia of China (HeAR). Their photochemical properties were studied by
flash photolysis and the function of amino acids which have been not reported until
now was clarified.
HsSRII is a negative phototaxis receptor, which makes bacterium avoid
blue-green light. In this study, the amino acid replaced mutants of aspartic acid 103
(D103) of HsSRII were prepared and analyzed with flash photolysis. Aspartic acid
103 of HsSRII corresponds to D115 of bacteriorhodopsin (BR). This amino acid
residue D115 is functionally important in BR. Aspartic acid D103 were replaced
with asparagine (D103N) or glutamic acid (D103E). The work revealed that a
substitution of D103 with asparagine (D103N) or glutamic acid (D103E) can
resulted in large changes in HsSRII photocycle. These alterations include
acceleration of the decay of the M intermediate, prolonging the lifetime of
intermediates in the later part of photocycle, and appearance of a long-lived
shorter-wavelength photoproduct. Thus, D103 of HsSRII may play an important
role in regulation of the photocycle of HsSRII.
HeAR is a light driven outward proton pump like to BR. All key functional
amino acid residues for proton pump of BR are conserved in HeAR. In the present
work, we payed attention to amino acids which are only conserved in ARs, prepared
the mutants T164A, S165A and T164A/S165A (T164 and/or S165 were replaced
with an alanine) and analyzed the photocycles of the mutants with flash photolysis.
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The amino acid replacements caused profound changes to the photocycle of HeAR
including acceleration of the decay of M intermediate, prolonging lifetime of
intermediates in the later part of photocycle, and appearance of additional two
intermediates which were evident in the photocycles of T164 mutants. These results
suggest that although T164 and S165 are located at the far end of the photoactive
center, these two amino acid residues are important for regulation of the HeAR
photocycle.
Moreover, the thermal stability of three-dimensional structure of HeAR and its
mutant were investigated by small angle x-ray scattering (SAXS). In addition, the
photocycles of HeAR reconstituted into lipid and HeAR in the presence of detergent
were compared and the influence of the different environment on HeAR photocycle
was investigated.
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要旨
細菌ロドプシン類タンパク質は 7 本の α-へリックスから構成され、発
色団としてビタミン A アルデヒド（レチナール）を持つ光受容膜タンパク質
であり、レチナールに吸収された光エネルギーの生体エネルギーへの変換や、
外界の光情報の受容に関わっている。細菌ロドプシン類タンパク質は、生体
膜中での立体構造が明らかにされた最初の膜タンパク質であり、モデル膜タ
ンパク質として、詳細に研究され、それらの機能について、個々のアミノ酸
レベルで、その分子機構が議論されている。本研究では、センサリーロドプ
シン II（SRII）と、中国内モンゴルの塩湖から我々のグループによって発見
された Halorubrum sp. ejinoor の持つアーキロドプシン(HeAR)について、新
たなアミノ酸変異体を作成し、その光化学的性質を調べ、これまで分かって
いなかったアミノ酸の働きを明らかにした。
SRII は、細菌が青緑光から逃げる負の走光性の光受容体である。本研究
では、バクテリオロドプシン（BR）のプロトンポンプ機能に重要なアミノ
酸残基であるアスパラギン酸（D）115 に対応する SRII の D103 の変異体を
作成した。SRII の D103 をアスパラギン（D103N）やグルタミン酸（D103E）
に置換した変異体を作成し、その光反応を調べた。その結果、変異体では、
M 中間体の崩壊は速くなるが、光反応サイクル後半の中間体の寿命が長くな
ること、また、長寿命の副産物の生成が観察され、SRII の D103 は、SRII の
光反応サイクルの回転速度の調節に重要な役割を果たすことが分かった。
HeAR は、BR と同様に光駆動外向きプロトンポンプとして働く。AR の
アミノ酸配列は BR とよく似ており、これまで、プロトンポンプ機能に必須
であることが明らかになっているアミノ酸は全て保存されていた。しかし、
AR だけに共通して保存されているアミノ酸があることに注目し、これらの
アミノ酸（N 末より 164 番目のトレオニン；T164 と 165 番目のセリン；S165）
をアラニン（A）に置換した変異体、T164A、S165A と T164A/S165A を作製
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し、それらの光化学的性質を調べた。その結果、変異体では、M 中間体の崩
壊は速くなるが、光反応サイクル後半の中間体の寿命が長くなり、また、T164
の変異では光反応中間体の数が増加した。発色団レチナールから離れた場所
にあるにもかかわらず、HeAR の T164 と S165 は、HeAR の光反応サイクル
の回転速度の調節に重要な役割を果たすことが分かった。
また、HeAR の立体構造の熱安定性を X 線小角散乱法（SAXS）によっ
て調べた。脂質に再構成した HeAR と界面活性剤存在下での HeAR の光反応
を比較検討し、タンパク質周辺環境の違いの影響についても調べた。
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Abbreviation list
BR: Bacteriorhodopsin
HR: Halorhodopsin
SRI: Sensory Rhodopsin I
SRII: Sensory Rhodopsin II
ChR: Channelrhodopsin
AR: Archaerhodopsin
MR: Middle Rhodopsin
NaR: Sodium Pump Rhodopsin
ASR: Anabaena Sensory Rhodopsin
DR: Deltarhodopsin
XR: Xanthorhodopsin
CR: Cruxrhodopsin
PR: Proteobacterium
He: Halorubrum sp. ejinoor
Hs: Halobacterium salinarum
Np: Natronomonas pharaonic
Hc: Halorubrum chaoviator
Ha: Halorubrum sp. aus
Hrs: Halorubrum sodomense
Hh: Halobacterium halobium
Hx: Halorubrum xinjiangense
Hw: Haloquadratum walsbyi
Hm: Haloarcula marismortui
Hj: Haloarcula japonica
Hv: Haloarcula vallismortis
CCCP: Carbonyl Cyanide m-Chlorophenylhydrazone
PCR: Polymerase Chain Reaction
DNA: Deoxyribonucleic Acid
λmax: maximum absorption wavelength
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DDM: n-dodecyl-β-D-maltopyranoside
HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
MES: 2-Morpholinoethanesulfonic Acid
Thr (T): Threonine
Ser (S): Serine
Ala (A): Alanine
E. coli: Escherichia coli
LB: Luria–Bertani
PC: 3-sn-Phosphatidylcholine
His: Histidine
SAXS: small-angle x-ray scattering
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Chapter 1
Introduction
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1.1 Rhodopsin
Rhodopsin is a membrane-embedded protein that functions as a photoreceptor,
and has a chromophore retinal (vitamin A aldehyde) which binds to a conserved
lysine residue within seven transmembrane α-helices via a protonated Schiff base
(PSB) linkage [1]. Rhodopsins are generally classified into two types: type I
(microbial) rhodopsins are provide light-dependent ion transport and sensory
functions in halophilic and other bacteria, and type II (animal) rhodopsins belonging
to the G-protein-coupled receptor family, which play important roles for
photoreception in animal eyes. While sharing practically no sequence similarity,
microbial and animal rhodopsins share a common architecture of seven
transmembrane α-helices (TM) with the N- and C-terminus facing out- and inside of
the cell, respectively (Fig. 1-1). Retinal is attached by a Schiff base linkage to the
amino group of a lysine side chain in the middle of TM7 (Fig. 1-1 and 1-2). The
retinal Schiff base is protonated in most cases, and changes in protonation state are
integral to the signaling or transport activity of rhodopsins [2-4].
Retinal, the aldehyde of vitamin A, is derived from β-carotene and is utilized in
the all-trans/13-cis configurations in microbial rhodopsins and the 11-cis/all-trans
configurations in animal rhodopsins (Fig. 1-2). For optimal light to energy or light
to signal conversion, defined chromophore-protein interactions in rhodopsins direct
the unique photophysical and photochemical processes, which start with specific
retinal isomerization and culminate with distinct protein conformational changes.
The protein environment is typically optimized for light-induced retinal
isomerization from all-trans to13-cis in microbial rhodopsins and for 11-cis →
all-trans in animal rhodopsins [2, 5].
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(a)

(b)

Figure 1-1. Structure of the rhodopsins [2]. (a); These membrane-proteins contain
seven α-helices (typically denoted helix A to G in microbial rhodopsins and TM1 to
7 in the animal rhodopsins) spanning the lipid bilayer. The N-terminus faces the
outside of the cell and the C-terminus the inside. Retinal is covalently attached to a
lysine side chain on helix G or TM7, respectively. (b); Cartoon representation of the
helical arrangement of a microbial rhodopsin with attached all-trans retinal
(bacteriorhodopsin, PDB ID: 1C3W).
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Figure 1-2. The chromophore of microbial and animal rhodopsins [2]. Cleavage
of β-carotene is the source of the chromophore. The ground state of microbial and
animal rhodopsins possesses all-trans- and 11-cis-retinal as its chromophore,
respectively, bound to a Lys residue via a Schiff base, which is normally protonated
and exists in the 15-anti configuration. It should be noted that microbial rhodopsins
depend exclusively on all-trans-retinal, while some animal rhodopsins possess
vitamin A2 (C3=C4 double bond for fish visual pigments) and hydroxyl (C3-OH
for insect visual pigments) forms of 11-cis-retinal. Usually, photoactivation
isomerizes microbial rhodopsin selectively at the C13=C14 double bond and animal
rhodopsin at the C11=C12 double bond.
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1.2 Microbial rhodopsin
Microbial rhodopsins are typical membrane proteins with seven transmembrane
alpha-helices (helices A–G). This type of protein has a retinal molecule as the
chromophore. The retinal covalently binds to a lysine side chain of the protein via
the Schiff base. Microbial rhodopsins show various colors (Fig. 1-3). Microbial
rhodopsins have been discovered in a wide range of eubacteria, archaea and
eukaryotes (algal and fungal species) and found to have diverse functions in their
host organisms, acting as light-gated ion channels, light-driven ion pumps, light
sensors and light-activated enzymes [6-8].
In 1971, a retinal protein has been found in a halophilic archaeon
Halobacterium salinarum by Drs. Oesterhelt and Stoeckenius (Fig. 1-4). Similar to
the visual rhodopsins, this molecule named bacteriorhodopsin (BR) is an integral
membrane protein having both seven-transmembrane α-helices and a retinal
chromophore linked to a specific lysine residue (Lys216) via a protonated Schiff
base (PSB) linkage. BR acts as a light-driven outward proton pump across the
membrane, and such a proton gradient is utilized by the ATP (adenosine
triphosphate) synthase, indicating that organisms having light-driven pumps can
produce ATP under light illumination [9-13].
In 1977, a second retinal protein named halorhodopsin (HR) has been
discovered in the archaeon Halobacterium salinarum by Drs. Matsuno-Yagi and
Mukohata (Fig. 1-4). Dr. Lanyi et al. has demonstrated that HR acts as a
light-driven inward chloride pump [9, 14, 15].
Another major function of microbial retinal proteins is light-signal transduction.
A third retinal protein, named sensory rhodopsin I (SRI), has been discovered in the
archaeon Halobacterium salinarum in 1982 and it has been shown that regulate both
positive and negative phototaxis (Fig. 1-4) [9, 16]. In 1985, a fourth retinal protein
was discovered in Halobacterium salinarum, and the function of this molecule has
been identified as a sensor for negative phototaxis (Fig. 1-4). This retinal protein
was named sensory rhodopsin II (SRII) [9, 17].
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Figure 1-3. Microbial rhodopsins show various colors (modified from Fig. 1 in
Ref. 1). These were sorted by the maximum absorption wavelength. MR; Middle
rhodopsin of Haloquadratum walsbyi, SRII; Sensory rhodopsin II of Halobacterium
salinarum, NaR; Sodium pump rhodopsin of Marine bacteria, ASR; Sensory
rhodopsin of Cyanobacterium anabaena, BR; Bacteriorhodopsin of Halobacterium
salinarum, HR; Halorhodopsin of Halobacterium salinarum, SRI; Sensory
rhodopsin I of Halobacterium salinarum.
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Figure 1-4. The classical four microbial rhodopsins from the archaeon
Halobacterium salinarum (modified from Fig. 2 in Ref. 9). The membrane of
Halobacterium salinarum contains four rhodopsins, bacteriorhodopsin (BR),
halorhodopsin (HR), sensory rhodopsin I (SRI) and sensory rhodopsin II (SRII). BR
and HR work as a light-driven proton pump and a chloride ion pump, respectively,
while SRI and SRII work as photo-sensors, and form signaling complexes with their
cognate transducer proteins, HtrI and HtrII, respectively, in the membrane. Light
signals are transmitted from the SRI-HtrI and SRII-HtrII complexes to a
cytoplasmic two-component signal transduction cascade that consists of the adaptor
protein CheW, the kinase CheA and the response regulator CheY, which regulates
the rotational direction of the flagellar motor, resulting in attractant or repellent
phototaxis responses.
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Channelrhodopsins (ChRs) are light-gated ion channels that, via regulation of
flagellar function, enable single-celled motile algae to seek ambient light conditions
suitable for photosynthesis and survival. They were first isolated in the green alga
Chlamydomonas reinhardtii, where they function as sensory photoreceptors for
phototaxis. Their seven transmembrane helix domain anchors a retinal molecule.
The retinal is covalently attached to the protein via a Schiff base linkage. Their
function as light-activated ion channels makes ChRs unique in the rhodopsin family.
ChRs are non-selective cation channels permeable to H+, Na+, K+ and Ca2+ when
opened upon illumination depolarize the membrane (Fig. 1-5). Light absorption
triggers the trans-to-cis isomerization of the C13−C14 double bond of the retinal
chromophore. The strained 13-cis retinal moiety then induces conformational
changes in the protein that open a channel through which ions can pass [18, 19].

Figure 1-5. Schematic drawing of channelrhodopsin [19]. ChR depolarizes cells
in response to blue light (450–480 nm).
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1.3 Bacteriorhodopsin
Bacteriorhodopsin (BR) acts as a light-driven outward H+ pump and creates an
H+ electrochemical gradient across the cell membrane for ATP synthesis (shown in
Fig. 1-6). BR has a seven transmembrane helical structure and contains a retinal
chromophore covalently bound to a conserved lysine residue in helix G via a
protonated Schiff base. After absorption of a photon, the retinal chromophore
undergoes isomerization from the all-trans to 13-cis configuration, which initiates a
cyclic photoreaction called a “photocycle”. During the photocycle, BR transports
protons from the cytoplasm to the extracellular medium. The photocycle of BR is a
multistep process, which consists of thermal interconversion of several
intermediates, including K (the maximum absorption wavelength, λmax = 590 nm), L
(550 nm), M (410 nm), N (560 nm), and O (640 nm) states (shown in Fig. 1-7)
[20-26].
The photocycle of BR is as following steps: BR-K step, after light absorption,
the retinal undergoes an isomerization from all-trans to a distorted 13-cis
configuration. K-L step, the retinal relaxes to a planar cis structure. L-M step, frist,
deprotonation of the Schif base, protonation of Asp85, yielding the early M
intermediate; second, proton release from the proton release group to the
extracellular surface, yielding the late M intermediate; on the sub-millisecond time
scale, there is a spectrally silent transition from an early M to a late M, which is
associated with a large structural rearrangement on the cytoplasmic side of the
protein. M-N step, deprotonation of Asp96, reprotonation of the Schif base, yielding
the N intermediate. N-O step, reprotonation of Asp96 from the cytoplasmic surface,
thermal reisomerization of the retinal, yielding the O intermediate. O-BR step.
deprotonation of Asp85, reprotonation of the proton release group, regenerating the
ground state (shown in Fig. 1-8) [27-29].
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(a)

(b)

Figure 1-6. ATP synthase in halophilic archaea Halobacterium salinarum (a);
Bacteriorhodopsin, in the cell membrane of the Halobacterium salinarum (a; left),
is a light-driven outward H+ pump and creates an H+ electrochemical gradient
across the cell membrane (a; right) for ATP synthesis (modified from figure in
https://www.biochem.mpg.de/522218/Org_Hasal). (b); Chemiosmotic coupling
between sun energy, bacteriorhodopsin and phosphorylation by ATP synthase
(chemical

energy)

during

photosynthesis

in

Halobacterium

salinarum

(https://commons.wikimedia.org/wiki/File:Bacteriorhodopsin_chemiosmosis.gif).
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(a)

(b)

Figure 1-7. The photocycle of bacteriorhodopsin. (a); Schematic representation
of the bacteriorhodopsin photocycle showing the principal intermediate states. Their
absorption maxima are shown in subscript of each photocycle intermediate and their
approximate lifetimes next to the arrows. The isomeric state of the retinal in each
state is as indicated (modified from Fig. 6 and Fig. 1 in Ref. 24 and 25, respectively).
(b); Photoisomerization of all-trans to 13-cis retinal in BR. Under illumination by
visible light, all-trans retinal in light-adapted BR is isomerized to the 13-cis
conformation around the C13 – C14 bond (modified from Fig. 2 in Ref. 29).
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Figure 1-8. The proton transfer steps of bacteriorhodopsin (modified from Fig.
13 in Ref. 2). The structure of bacteriorhodopsin showing key residues directly
involved in sequential proton transfer events ( ① through ② ) coupled to
conformational changes:①; protonation of Asp85 from the Schiff Base, ②; proton
release to the extracellular side, ③; reprotonation of the Schiff base from Asp96,
④; uptake of a proton form the cytoplasmic side by Asp96, ⑤; proton transfer
from Asp85 to the release group, which is believed to involve Glu194, Glu204 and a
H5O2+ cluster.
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Chapter 2
The photochemical properties study of Sensory Rhodopsin II
from Halobacterium salinarum
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2.1 Introduction
Organisms on earth such as bacteria and archaea are accustomed to survive in
the various environments in which they live, by changing their swimming mode to
migrate toward more favorable habitats or to avoid more harmful habitats. This
behavior, termed taxis, is achieved by a signaling system from membrane
embedded receptors to the flagellar motor [30]. Light is one of the most important
signals providing critical information to biological systems, and therefore, many
organisms utilize light, not only as an energy source, but also as a signal [31]. The
phototaxis of Halobacterium salinarum was the first to be described, and those cells
show both positive and negative phototaxis. The light stimulus is captured by the
photoreactive membrane embedded retinylidene proteins, Sensory rhodopsin I
(SRI) and Sensory rhodopsin II (SRII) [32].
Sensory rhodopsin II (SRII) is the fourth microbial rhodopsin found in the
membrane of this halobacterium. SRII is a photoreceptor protein responsible for
negative phototaxis. In the cell membranes, SRII forms complexes with their
cognate transducer proteins, called Halobacterial transducer protein for SRII (HtrII),
(Fig. 2-1). Light signals are transmitted from the SRII-HtrII complexes to a
cytoplasmic two component signal transduction cascade, consisting of the kinase
CheA and the response regulator CheY, which regulates the rotational direction of
the flagellar motor, resulting in negative phototaxis (Fig. 2-2) [33-35].
The photocycle of SRII contains K-, L-, M-, and O-intermediates, as in BR, and
is two orders of magnitude slower than that of BR. (Fig. 2-3). This slow photocycle
is functionally important for a photoreceptor of phototaxis. The M and O
intermediates are thought to be the signaling state (s) for the photo-repellent cell
behavior [30, 36-40].
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Figure 2-1. Model for signaling by sensory rhodopsin II (modified from Fig. 3 in
Sensory Rhodopsins by Takashi et al.). SRII forms a signalling complex with HtrII
in the membrane. The SRII–HtrII complex interacts with an adaptor protein CheW
and transfers the light signal to CheY via phosphorylation of a kinase CheA. The
phosphorylated CheY controls the rotation direction of the flagellar motor apparatus,
resulting in negative phototaxis.

Figure 2-2. Phototactic responses of Halobacterium salinarum. Depletion of cells
in the measuring spot after 10 min of exposure to blue light through the incident
light illuminator and to orange background light through the dark-field condenser
[35].
17

Figure 2-3. The photocycle of sensory rhodopsin II (modified from Fig. 2 in Ref.
30). Schematic representation of the sensory rhodopsin II photocycle shows the
principal intermediate states. Their approximate lifetimes are shown in next to the
arrows. The isomeric state of the retinal in each state is as indicated.
It was reported that D115 of BR is functionally important. This aspartic acid
residue is conserved in all proton pumps, chloride pumps, and sensory rhodopsin is
from haloarchaea. According to the crystal structure of BR, D115 in helix D forms
hydrogen (H) bonds with T90 in helix C and with L87 in helix C via a water
molecule. A Fourier transform infrared (FTIR) spectroscopic study revealed that the
H-bond between D115 and T90 first strengthens in K and weakens in the M
intermediate, thus indicating a relative geometrical shift of these residues. When
D115 is replaced with alanine, D96 remains protonated during the photocycle, and
the reprotonation of the Schiff base takes place directly from the cytoplasmic
medium instead of D96, resulting in a decrease in the proton-pumping efficiency.
This finding suggests that pKa of D96 is regulated by the interhelical H-bond
between D115 and T90 [41-44].
Aspartic acid 103 (D103) of sensory rhodopsin II from Halobacterium
salinarum (HsSRII) corresponds to D115 of bacteriorhodopsin (BR). In this work,
18

we studied the effects of mutation of D103 (corresponding to D115 in BR) on the
photocycle of HsSRII by flash photolysis to further explore the role of this aspartic
acid and of the putative interhelical H-bond in microbial rhodopsins. For mutation,
the D103 were replaced with asparagine (D103N) or glutamic acid (D103E).
2.2 Materials and methods
2.2.1 Expression and purification of wild-type HsSRII and its mutants
The wild-type and mutants (D103N and D103E) of HsSRII with a histidine tag
at the C terminus were expressed in E. coli BL21-CodonPlus (DE3)-RP cells
(Stratagene). E. coli cells were cultured with isopropyl-β-D-thiogalactopyranoside
(Wako Pure Chemical Corporation, Osaka, Japan) and all-trans retinal. Then, the
cells were harvested and disintegrated with beads. The cell membrane fraction was
collected by centrifugation (6,000×g, 30 min) and solubilized with 1 %
n-dodecyl-β-D-maltopyranoside (DDM; Dojindo Lab., Kumamoto, Japan) (shown
in Fig. 2-4). The solubilized HsSRII and its mutants were purified on a Ni-NTA
agarose column (Qiagen, Tokyo, Japan) (shown in Fig 2-4) [45]. Finally, the
medium was changed to a buffer (4 M NaCl plus 0.05% DDM with a seven-fold
buffer

containing

citrate/MES/HEPES/MOPS/Tris/CHES/CAPS,

concentration of each component was 10 mM) at pH 5.0.
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the

final

IPTG, Retinal

E. coli-target protein-His tag

Figure 2-4. Expression and purification of His-tag proteins.

20

2.2.2 Measurement of absorption spectra
All samples were dissolved in 4 M NaCl, 10 mM seven-fold buffer (pH 5.0),
and 0.05% DDM, and absorption spectra were measured at 25°C using an MPS
2000 recording spectrophotometer (Shimadzu, Kyoto, Japan).
2.2.3 Flash photolysis
Light-induced absorbance changes in HsSRII and its mutants were measured
using a flash photolysis apparatus (shown in Fig. 2-5). The transient absorption
changes induced by a laser pulse (Nd:YAG, 532 nm, 7 ns, 5 mJ per pulse) were
recorded over the time range between 3 ms and 52 s on two A/D converters with
different digitization rates (2 MHz and 10 kHz) [46]. Data points were selected by
choosing a logarithmic time scale to reduce the number of points. All samples were
in a solution containing 4 M NaCl, 0.05% DDM, and 10 mM seven-fold buffer (pH
5.0). The flash photolysis data were analyzed using an irreversible sequential model
introduced by Chizhov et al [26].
2.2.4 Chromophore extraction and high-performance liquid chromatography
(HPLC) analysis
The retinal chromophore was extracted as described previously [47]. Briefly, 50
L of hydroxylamine (1 M) and 300 L of methanol were added to a 100 L
solution of HsSRII (or its mutants) followed by extraction with 600 L of hexane.
After the mixture was centrifuged at 855 g for 10 min, a 500 L aliquot was
collected from the hexane layer. Hexane was evaporated completely, and the extract
was redissolved in 50 L of hexane before application to HPLC analysis (Bio
Liquid Chromatograph LC7, Shimadzu). Absorbance at 325 nm was monitored to
detect retinal isomers. The proportions (%) of different isomers were calculated
from peak areas, and the molar extinction coefficients of different retinal isomers
were computed as reported elsewhere [48].
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of

Flash

photolysis

2.2.5 Solutions
Wash buffer pH 6.5
300 mM NaCl
50 mM MES
15 mM Imidazole
Elution buffer pH 6.5
300 mM NaCl
50 mM MES
300 mM Imidazole
2.3 Results
These spectra were not so different between wild-type HsSRII and its D103
mutants, although the shapes of two spectral shoulders somewhat differed among
them (Fig. 2-6a). During the dark adaptation, the chromophores of the wild-type
and D103N proteins were almost entirely all-trans (100% all-trans for the wild-type
and 99% all-trans and 1% 13-cis for D103N), whereas D103E protein contained
25% of the 13-cis chromophore (see Bar 1 in Fig. 2-8). This increase in the amount
of the 13-cis isomer may originate from the small contamination with a long-lived
shorter-wavelength photoproduct. 350–400 nm in the absorption spectrum of
D103E protein was slightly larger as compared with that of the wild-type protein.
Therefore, the chromophore composition in the unphotolyzed state was barely
influenced by two types of substitutions at D103.
Flash-induced transient absorbance changes at 490 nm (unphotolyzed state), 360
nm (M intermediate), and 540 nm (O intermediate) were compared among the
wild-type and two mutants of HsSRII (Fig. 2-6b–d). The absorbance changes were
recorded in the time range 3 ms to 52 s to monitor the later state of the photocycle.
The flash photolysis data on the wild-type were similar to the previously
reported results [39], while those in the mutants appeared to be different from the
wild-type data. One of two noticeable differences was that the lifetime of the M
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intermediate shortened in mutants. The absorbance changes at 360 nm in the
wild-type (3–2000 ms) can be adequately fitted to a single exponential function,
whereas those of the mutants (3–1500 ms for D103N and 3–200 ms for D103E)
could be fitted only to two exponential functions Fig. 2-7). The estimated decay
halftime values of M intermediate according to these fitting analyses are
summarized in Table 2-1. The other noticeable difference was the absorbance rise at
360 nm observed at a later state in the photocycle of mutants, thus indicating a
formation of a new photoproduct (that has absorbance at 360 nm) in the mutants.
The formation of the new photoproduct, the absorbance rise at 360 nm was
observed with the decline at 540-nm, and it was observed in a significant amount at
52 s after the flashlight excitation.
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(a)

(b)

(c)

(d)

Figure 2-6. Dark-state absorption spectra and flash-induced transient
absorbance changes of the wild type and its mutants. Absorption spectra of the
wild type (solid curve), mutant D103N (dashed curve), and mutant D103E (dotted
curve) were normalized at the absorption peak and presented in panel a. Time
courses of absorbance changes for the wild type (b) and mutants D103N (c) and
D103E (d) were recorded at three characteristic wavelengths representing the
unphotolyzed state (490 nm), M intermediate (360 nm), and O intermediate (540
nm). The samples were solubilized in a medium consisting of 4 M NaCl, 10 mM
sevenfold buffer (pH 5.0), and 0.05% DDM.
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Figure 2-7. Fitting of A360 nm curves of Wild type HsSRII and its mutants.
Transient absorbance change at 360 nm was fitted with y=A+c1*exp(-k1*x)
equition (WT) or y=A+c1*exp(-k1*x)+c2*(k1/(k2-k1)*(exp(-k1*x)-exp(-k2*x)))
equition (D103N and D103E). Black dots show original data, red lines show fitted
curves. Curve fitting was performed with Origin 8.0 software and details of the
fitting were listed below.

Table 2-1. The estimated decay halftime values of M intermediate according to
these fitting analyses
HsSRII wildtype
Equation

y=A+c1*exp(-k1*x)

R-Square

0.9988
Value

Standard Error

A

-0.00605

0.00219

c1

1.05099

0.00233

k1

0.00366

2.40E-05
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HsSRII D103N
Equation

y=A+c1*exp(-k1*x) +c2*(k1/(k2-k1) *(exp(-k1*x) -exp(-k2*x)))

R-Square

0.9988
Value

Standard Error

A

-0.04203

0.00224

c1

1.1279

0.0045

c2

0.80459

0.01216

k1

0.05059

0.00342

k2

0.00545

8.16E-05

HsSRII D103E
Equation

y=A+c1*exp(-k1*x) +c2*(k1/(k2-k1) *(exp(-k1*x) -exp(-k2*x)))

R-Square

0.9916
Value

Standard Error

A

-0.03709

0.01423

c1

1.24511

0.02097

c2

0.65838

0.07727

k1

0.09734

0.02094

k2

0.0204

0.0023
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Figure 2-8. The retinal configuration changes during the process were analyzed
in the separate experiments. Bars 1–4 correspond to the unphotolyzed state, after
450-nm light irradiation for 1 min, after the dark incubation for 10 min, and after
the dark incubation for 20 min, respectively.
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2.4 Discussion
In the flash photolysis experiment, the decay curve of the M intermediate of
wild-type HsSRII can be sufficiently fitted to a single exponential equation whereas
that of mutants D103N and D103E can be fitted adequately to two exponential
equations. These data imply that these mutants would have at least two M
intermediates. It is not unusual for a microbial rhodopsin to have two M
intermediates. As we know, BR has two M intermediates named M1 and M2. In the
L-to-M1 transition, the retinal Schiff base transfers its proton to the counterion
(D85). In the M1-to-M2 transition, the retinal Schiff base changes its accessibility
from the extracellular side to the cytoplasmic side. In the M2-to-N transition, the
retinal Schiff base accepts a proton from the proton donor, D96. Wild type HsSRII
may also have two M intermediates although its decay curve can be adequately
fitted to a single exponential equation. If two M intermediates of HsSRII could
quickly reach a quasi-equilibrium state before decaying to the next intermediate, it
is possible that their decay curve appears as a single species. Substitutions of D103
altered the decay kinetics of the M intermediate that could have broken the
quasi-equilibrium state of M intermediates so that the presence of an additional M
intermediate becomes discernible in D103 mutants. Kim et al. [49] also proposed
the existence of two M-like states linked by a spectrally silent transition after
analysis of a kinetic irreversible model.
The decay of the M intermediate is associated with reprotonation of the retinal
Schiff base. Detailed studies on the photocycle at different pH levels have revealed
that there is a dissociable group that facilitates protonation of the retinal Schiff base
in HsSRII [50, 51]. This proton-donating group to Schiff base has not been
identified yet, and the factors that control the lifetime of M intermediate are not
known either. Our present results indicate that the substitution of D103 with
asparagine results in acceleration of M decay, suggesting that D103 should not be
the proton-donating group to Schiff base. This is because if D103 is indeed the
proton-donating group to Schiff base that facilitates the M decay, then substitution
of D103 with asparagine
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with a non-dissociable side chain would slow down the M decay. Although D103
should not be the proton-donating group to Schiff base, our results suggest that this
amino acid residue should somehow be involved in the process of protonation of the
retinal Schiff base. Detailed analysis of the effect of D103 on protonation of the
retinal Schiff base may help us to understand the mechanism that controls the
lifetime of M intermediate.
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Chapter 3
The photochemical properties study of archaerhodopsin
from Halorubrum sp. ejinoor
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3.1 Introduction
3.1.1 Archaerhodopsin
Archaerhodopsins (ARs), with a high degree of amino acid sequence homology
to BR, also function as light-driven proton pumps and exhibit similar photochemical
properties. The name was initially introduced by Mukohata et al. who isolated two
types of ARs, AR1 and AR2, from two Australian strains, Halobacterium sp. aus-1
and aus-2, respectively. A study of the crystal structures of AR1 and AR2 has led to
a discussion of a common structural motif that is relevant to the proton-pumping
activity of ARs (shown in Fig. 3-1) [52-55].
Recently, ARs have attracted much attention, especially that from Halorubrum
sodomense, named AR3, because it can be used in optogenetic studies as a
fluorescent indicator of membrane voltage. Precise and quick control of
physiological processes using integrated optical and genetic methods has been used
in many important applications [56, 57].
In our previous work, a bacterial strain was collected and identified from a salt
lake in Inner Mongolia of China (shown in Fig. 3-2). According to the sequence of
16S rRNA gene (shown in Fig. 3-3) of the bacterium the strain belongs to
Halorubrum genus and was named Halorubrum sp. ejinoor (He) (shown in Fig.
3-3). Three kinds of microbial rhodopsin genes, BR-like (HeAR), HR-like (HeHR)
and SRII-like (HeSRII) were identified in He by a whole genome DNA analysis of
the bacterium (shown in Fig. 3-4). Halorubrum sp. ejinoor archaerhodopsin is a
light-driven proton pump. The amino acid sequence identities of HeAR with AR1
and BR are 94% and 57%, respectively. All key functional amino acid residues of
BR are conserved in HeAR, including the transmembrane Asp, Glu, and Arg
residues associated with proton transport [53, 58, 59].
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(a)

(b)

Figure 3-1. The Crystal structures of bacteriorhodopsin (PDB ID: 1C3W; a)
and archaerhodopsin (PDB ID: 1VGO; b).

(a)

(b)

A

Figure 3-2. The location of Ejinoor salt lake. The location of Inner Mongolian
Autonomous Region, Xinjiang and Chin Hai in China were shown in the left map
(a). The red mark with indicated by A shows the location of Ejinoor salt lake where
the sample was collected. The right image (b) is Ejinoor salt lake (2016, Muroran
Institute of Technology, Doctoral thesis, Chaoluomeng).
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Figure 3-3. Phylogenetic tree based on the neighbour-joining (NJ) algorithm
for the archaeal 16S rRNA of Halorubrum sp. ejinoor and members of the
other Archaea. The numbers on the nodes indicate the bootstrap values. The
sequence data for constructing the tree were obtained from the NCBI database. The
accession numbers are given in parentheses [58].
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Figure 3-4. Phylogenetic tree of microbial rhodopsins. Halorubrum sp. ejinoor
(He) rhodopsins (HeAR, HeHR and HeSRII), can be classified to their respective
archaeal rhodopsin groups. Four-type microbial rhodopsins (proton pump, chloride
ion pump, sensory rhodopsin I and sensory rhodopsin II) were marked with
different color. ‘Hc’, ‘Ha’, ‘Hrs’, ‘Hh’, ‘Hx’, ‘Hs’, ‘Hw I (and Hw II)’, ‘Hm I (and
Hm II)’, ‘Hj’, ‘Hv’ and ‘Np’ represent microbial rhodopsins from Halorubrum
chaoviator (AR1), Halorubrum sp. aus 2 (AR2), Halorubrum sodomense (AR3),
Halobacterium halobium XZ515 (AR4), Halorubrum xinjiangense, Halobacterium
salinarum, Haloquadratum walsbyi, Haloarcula marismortui, Haloarcula japonica,
Haloarcula vallismortis and Natronomonas pharaonis, respectively. The scale bar
represents 0.1 expected changes per site [58].
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3.2 Two consecutive polar amino acids at the end of helix E are important for
fast turnover of the archaerhodopsin photocycle
The threonine 164 (T164) and serine 165 (S165) residues of HeAR are highly
conserved in ARs (Fig. 3-5). T164 and S165 of HeAR are located at the cytoplasmic
end of helix E. Based on the crystal structure of AR2, S160 (corresponding to S165
of HeAR) should form a hydrogen bond (H-bond) with an OH group of
bacterioruberin, which binds to crevices between subunits of the AR2 trimer [60].
Meanwhile, T164 resides in a position where its side chain can form multiple
H-bonds with surrounding atoms (Fig. 3-6). On closer inspection of the crystal
structure of AR2, it is obvious that the C-terminus of the E helix, where T164 and
S165 reside, assumes a “bent structure”. The “bent structure” may be due to a
complex H-bonding network in this region, involving T164 and S165. Interestingly,
the “bent structure” is conserved in many other types of microbial rhodopsins,
including

BR,

halorhodopsin

(HR),

sensory

rhodopsin

II

(SRII),

and

proteorhodopsin (PR) ( Fig. 3-7), despite their low sequence homology in the region
[23, 53, 61-68]. Thus, we assume that T164 and S165 may play some important
roles in preserving the proper function of HeAR.
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Figure

3-5.

Amino

acid

alignment

of

archaerhodopsins

(ARs),

bacteriorhodopsin (BR), halorhodopsin (HR), sensory rhodopsin II (SRII) and
proteorhodopsin (PR). HeAR is from Halorubrum sp. ejinoor (GenBank:
LC073751). AR1 is from Halobacterium sp. aus-1 (GenBank: J05165). AR2 is
from Halobacterium sp. aus-2 (GenBank: S56354). AR3 is from Halorubrum
sodomense (GenBank: GU045593). AR4 is from Halobacterium halobium XZ515
(GenBank: AF306937) and HxAR is from Halorubrum xinjiangense (GenBank:
AY510709). BR (GenBank: M11720), HR (GenBank: X04777), and SRII
(GenBank: U62676) are from Halobacterium salinarum and PR (GenBank:
Q9AFF7) is from Gamma-proteobacterium. The amino acid alignment was
performed using the GENTYX (version 10) software. The red frame represents the
mutated positions for HeAR. Identical residues among all sequences are shown on a
black background, and gaps are shown by hyphens. The conserved residues are
shown on a gray background.
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Figure 3-6. The crystal structure of AR2 (PDB ID: 1VGO, left image). The
putative hydrogen-bonding network (right image) involving T159 and S160,
corresponding to T164 and S165 in HeAR (shown in parentheses). The blue box in
the left image shows the well-conserved “bent structure”. The distances between the
atoms in the right image are 2.7 Å for pair 1, 3.8 Å for pair 2, 3.8 Å for pair 3, and
2.6 Å for pair 4.
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Figure 3-7 (a)
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Figure 3-7 (b)
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Figure 3-7. Crystal structures of ten typical microbial rhodopsins. (a): AR2
(PDB ID: 1VGO) from Halobacterium sp. aus-2, HsBR (PDB ID: 1C3W) and
HsHR (PDB ID: 1E12) from Halobacterium salinarum, deltarhodopsin (DR) (PDB
ID: 4FBZ) from Haloterrigena thermotolerans, HwBR (PDB ID: 5ITE) from
Haloquadratum walsbyi, xanthorhodopsin (XR) (PDB ID: 3DDL) from the
eubacterium Salinibacter ruber, cruxrhodopsin (CR) (PDB ID: 4L35) from
Haloarcula vallismortis, anabaena sensory rhodopsin (ASR) (PDB ID: 1XIO) from
a cyanobacterium, NpSRII (PDB ID: 3QAP) from Natronobacterium pharaonice,
and PR (PDB ID: 2L6X) from Gamma-proteobacterium EBAC31A08. For PR, the
C-terminal end of Helix E was not resolved well, however a kink structure at this
region was suggested in several reports. The amino acid sequences were obtained
from the Protein Data Bank (PDB), and alignments were performed using the
GENTYX (version 10) software. These rhodopsins function as light-driven proton
pumps (AR2, HsBR, DR, HwBR, CR, XR, and PR), a light-driven chloride pump
(HsHR), and light sensors (ASR and NpSRII). The circled part with an arrowhead
on helix E is a “bent structure”. (b) Amino acid alignment of “bent structures”. The
red frame represents the mutated positions in HeAR. The conserved residues are
shown on a gray background.
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Figure 3-8. The amino acid structures
In the present work, we studied the effects of amino acid replacements of T164
and S165 on the photocycle of HeAR to explore the roles of these two amino acids
in the regulation of the HeAR photocycle. To this end, T164 and/or S165 of HeAR
were replaced with an alanine (A) residue. As a mutant, we substituted threonine
and serine having hydroxyl groups here with alanine which does not have a
hydroxyl group in Fig. 3-8. We successfully expressed HeAR and its mutants,
T164A-, S165A-, and T164A/S165A-HeAR, in the Escherichia coli membrane and
examined their photochemical properties.
Our results indicated that the amino acid replacements prolonged the
photocycling time and that the decay of the M state became faster. Moreover, two
additional

intermediates

appeared

in

the

photocycle

of

T164A-

and

T164A/S165A-HeAR. These results suggest that T164 and S165 are important for
maintaining the fast turnover of the photocycle of HeAR.
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3.2.1 Materials and methods
3.2.1.1 Construction of plasmids
To isolate the HeAR-encoding gene, PCR was employed on Halorubrum sp.
ejinoor genomic DNA. The PCR product was separated by agarose gel
electrophoresis and cloned into the pT7blue vector, which is designed for simplified
cloning of PCR products. The obtained DNA sequences were determined by ABI
3130/3130xI Genetic Analyzer (Applied Biosystems) [69]. To construct a
high-expression vector of HeAR and a NdeI/XhoI fragment (containing the
HeAR-coding region) from pT7blue-HeAR was inserted into suitable sites on
pET21c (+) (Novagen, Madison, WI, USA) [70]. The use of this expression plasmid
resulted in HeAR having additional eight amino acids (–LEHHHHHH) at its
C-terminus (Fig. 3-9).

Figure 3-9. Expression plasmid map
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Table 3-1. Sequences of the primers used for site-directed mutagenesis, where
underlined alphabets indicate the mutated bases.
Mutants
T164A
S165A
T164A/S165A

Mutagenesis

Primers: Mutagenic Oligonucleotide Sequence

Primers

(5'-3')

Forward primer

CTC GCC GCA AGC CTG CGC GCC GCG GCG

Reverse primer

CAG GCT TGC GGC GAG GAA GTA CAG CAC

Forward primer

GCC ACG GCA CTG CGC GCC GCG GCG AAG

Reverse primer

GCG CAG TGC CGT GGC GAG GAA GTA CAG

Forward primer

CTC GCC GCA GCC CTG CGC GCC GCG GCG AAG

Reverse primer

GCG CAG GGC TGC GGC GAG GAA GTA CAG CAC

Table 3-2. Mutagenic PCR mixture.
Prime STAR Max Premix (2×)

25 µL

Forward primer (10 pmol)

1 µL

Reverse primer (10 pmol)

1 µL

Template (pET-HeAR; 100 pg/µL)

1 µL

Sterile distilled water

22 µL

Total volume

50 µL

Table 3-3. Mutagenic PCR Condition.
Procedure

Temperature

Time

Pre-denaturation

98 °C

10 s

Denaturation

98 °C

10 s

Annealing

55 °C

15 s

Extension

72 °C

30 s

4 °C

hold

Storage
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30 cycles

Table 3-4. The PCR mixture and condition of insert check.
PCR mixture:
EmeraldAmpR MAX PCR master mix

5µL

Template

3µL

Forward primer (10 pmol)

1µL

Reverse primer (10 pmol)

1µL

Total volume

10 µL

Condition
Procedure

Temperature

Time

Pre-denaturation

95 °C

3 min

Denaturation

95 °C

1 min

Annealing

50 °C

1 min

Extension

72 °C

1 min

Storage

4 °C

hold
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30 cycles

3.2.1.2 Site-directed mutagenesis
HeAR mutant protein (T164A-, S165A-, and T164A/S165A-HeAR) expression
vectors were constructed using the Prime STAR mutagenesis basal kit (Takara Bio,
Inc., Japan). The primer sequences (described in table 3-1) were set to replace
Thr164 and/or Ser165 with Ala amino acid (Thr164Ala, Ser165Ala and
Thr164Ala/Ser165Ala). The mutagenic primers were prepared by Hokkaido system
science co., ltd. The mutagenic polymerase chain reaction (PCR) mixture and
conditions (TaKaRa PCR Thermal Cycler Dice® Touch TP350) are listed in Table
3-2 and Table 3-3, respectively.
To confirm that the plasmids were mutated, plasmids were prepared from 3
different colonies and analyzed by insert check (EmeraldAmp® MAX PCR Master
Mix, Takara Bio, Inc., Japan) using primers and PCR conditions described in Table
3-4. The confirmed plasmids were extracted with plasmid DNA purification kit
(TOYOBO CO., LTD., Life Science Department, Osaka, Japan) according to the
manufacturer’s manual.
The nucleotide sequences of the obtained plasmids were determined by the
applied biosystems 3130 and 3130xI genetic analyzers. The confirmed plasmids
were transformed into expression strain E. coli BL21 (DE3).
3.2.1.3 Expression and purification of HeAR and its mutants
HeAR and its mutants were expressed in E. coli BL21 (DE3). E. coli cells were
cultured with 1 mM isopropyl-β-D-thiogalactopyranoside (Wako Pure Chemical
Corporation, Osaka, Japan) and 10 μM all-trans retinal for 8 h. Then, the cells were
harvested and disintegrated with beads. The cell membrane fraction was collected
by

centrifugation

(6,000×g,

30

min)

and

solubilized

with

1.5

%

n-dodecyl-β-D-maltopyranoside (DDM; Dojindo Lab., Kumamoto, Japan). The
solubilized HeAR and its mutants were purified on a Ni-NTA agarose column
(Qiagen, Tokyo, Japan) (Chapter 2; Fig. 2-4) [45].

46

3.2.1.4 Mass spectra measurements
Mass spectra of HeAR and its mutants were measured by a dried-droplet
method in a matrix-assisted laser desorption/ionization time of flight mass
spectrometer (MALDI-TOF) (New ultrafleXtreme, Bruke). The sample solution in a
volume of 2 μL was deposited on the target plate (Bruker Daltonics, MTP 384
polished steel) with the same volume of DHB (10 mg/mL in ACN: H2O = 1: 1) for
MALDI-TOF measurement. The protein samples were solubilized with 0.05 %
DDM and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer (pH 7.0) at concentration of 1 mg/L, 1.2 mg/L, 2 mg/L or 1 mg/L for
WT-HeAR, T164A-HeAR, S165A-HeAR or T164A/S165A-HeAR, respectively. A
total of 3000 laser shots were accumulated by random sampling of the surface to
record each spectrum.
3.2.1.5 Measurement of absorption spectra
All samples were dissolved in 10 mM HEPES buffer with 0.05% DDM (pH 7.0),
and absorption spectra were measured at 25°C using an MPS 2000 recording
spectrophotometer (Shimadzu, Kyoto, Japan).
3.2.1.6 Measurement of circular dichroism spectra
For circular dichroism measurements, 1 mm path length quartz cuvettes were
used. Protein samples were dissolved in 10 mM HEPES buffer with 0.05% DDM
(pH 7.0) at a concentration OD560 =1.2. Spectra were acquired at 25°C on a Jasco
J-815 spectrometer in a range 350–700 nm. Each spectrum is a result of three
independent measurements.
3.2.1.7 Measurements of light-driven ion-pumping activity of HeAR and its
mutants
The light-induced proton pumping activities of E. coli cells expressing HeAR
(WT) and its mutants (T164A-, S165A- and T164A/S165A-HeAR) were measured
by monitoring pH changes of the solution in which the E. coli cells were suspended
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in 10 mM MgCl2 and 200 mM NaCl. The expressed E. coli cells were collected by
centrifugation (5,000 × g, 15 min), washed three times, resuspended in 10 mM
MgCl2 and 200 mM NaCl, and adjusted to OD 600 = 0.68. The samples in the optical
cuvettes (light pass; 10 mm) were magnetically-stirred and irradiated by green light
(560 ± 8.95 nm) for 5 min from high power LED (LXHL-LL3C, Philips Lumileds
Lighting Co., San Jose, USA) (shown in Fig. 3-10). The pH change of the solution
was determined by a conventional pH-electrode (LAQUAF-72, HORIBA, Japan).
The repeated measurements were performed under the same conditions after the
addition of CCCP at the final concentration of 10 μM. The resulting pH changes
were converted to the molar amount of transported H+ by adding known amounts of
HCl after each measurement [45].

Figure 3-10. Measurements of light-driven ion-pumping activity (modified from
Fig. 1 in Ref. 70).
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3.2.1.8 Spectroscopic analyses
The solutions of HeAR and its mutants were kept in the dark for 48 h at 20℃,
and then the absorption spectrum of the dark adapted samples were measured in the
range between 350 and 700 nm using MPS 2000 recording spectrophotometer
(Shimadzu, Kyoto, Japan), at 20℃. The solutions were exposed to green light at
500 nm to prepare the light-adapted sample.
3.2.1.9 Chromophore extraction and high-performance liquid chromatography
(HPLC) analysis.
The procedure for the extraction of retinal chromophore was according to that
previously described in Dai et al. [71]. Briefly, 100 L of hydroxylamine (1 M) and
300 L of methanol were added to a 100 L solution of HeAR or its mutants
followed by extraction with 600 L of hexane. After the mixture was centrifuged at
855×g for 10 min, a 500 L aliquot was collected from the hexane layer. Hexane
was evaporated completely, and the extract was again dissolved in 50 L of hexane
before application to HPLC analysis (Bio Liquid Chromatograph LC7, Shimadzu,
Kyoto, Japan). Absorbance at 360 nm was monitored to detect retinaloxime isomers.
The proportions (%) of different isomers were calculated from peak areas of both
syn- and anti-forms of retinaloxime, and the molar extinction coefficients of
different retinaloximes were according to those reported in Hao and Fong [72].
3.2.1.10 Flash photolysis spectroscopy
Light-induced absorbance changes in HeAR and its mutants were measured
using a flash photolysis apparatus with an Nd-YAG laser (532 nm, 7 ns, 5 mJ/pulse)
(Chapter 2; Fig. 2-5) [46]. Time-dependent absorbance changes at 25°C were
measured in the visible range (from 320 to 700 nm) at 10-nm intervals. Data points
were selected by choosing a logarithmic time scale to reduce the number of points.
The flash photolysis data were analyzed using an irreversible sequential model
introduced by Chizhov et al. [26]. All samples were in a solution containing 100
mM NaCl, 10 mM HEPES, and 0.05% DDM, pH 7.0, at a concentration
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corresponding to OD560 = 0.7.
3.2.2 Results
3.2.2.1 Identification of the specific residues of HeAR for site-directed
mutagenesis
The genes encoding HeAR and its mutants (T164A-, S165A- and T164A/S165A
-HeAR), were identified by the PCR method and agarose gel electrophoresis. HeAR
cDNA was initially ligated into the pET21c (+) vector (5400 bp) with NdeI and
XhoI restriction enzyme recognition sequences. The bands of constructed plasmid
vector pET-HeAR (an estimated 6198 bp) and the HeAR cDNA (798 bp) is shown
in Figure 3-11a and Figure 3-12a, respectively. Figure 3-11 also show that there
was no difference between the original pET-HeAR (Figure 3-11a) and mutated
pET-T164A (Figure 3-11b), pET-S165A (Figure 3-11c) and pET-T164A/S165A
(Figure 3-11d) bands. From three-time insert checks (Figure 2-12), three gene bands
(b; T164A, c; S165A and d; T164A/S165A) appeared in the same place as the band
of original HeAR cDNA. These results suggest no unnecessary deletions or
insertions occurred during site directed mutagenesis.
The nucleotide sequences of mutated plasmids were determined by the applied
biosystems 3130 and 3130xI genetic analyzers. From the result in figure 3-13, the
nucleotide sequences of mutated sites were same to sequences of the primers in
table 3-1 for mutants T164A-, S165A- and T164A/S165A-HeAR. It suggests that
target mutants are successfully obtained.
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Figure 3-11. Analysis of recombinant pET21c (+) -HeAR, -T164A, -S165A
-T164A/S165A. PCR samples were loaded into 2.0 % agarose gel and ran for 30
minutes at 100 mV. The gel was stained with ethidium bromide and visualized with a
UV transilluminator. Lane M shows the lambda DNA/PstI marker. Lane (a) shows the
plasmid pET21c (+) -HeAR, and the mutated plasmid is in lanes b (T164A), c (S165A)
and d (T164A/S165A).

Figure 3-12. Three-time insert check of recombinant pET21c (+) -T164A, -S165A
-T164A/S165A. PCR samples were loaded into 2.0 % agarose gel and ran for 30
minutes at 100 mV. The gel was stained with ethidium bromide and visualized with a
UV transilluminator. Lane M shows the lambda DNA/PstI marker. Lane (a) shows the
HeAR cDNA fragment, and the mutations cDNA fragment is in lane b (T164A), c
(S165A) and d (T164A/S165A).
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HeAR
S165A
T164A
T164A/S165A

1
1
1
1

ATGGACCCGATAGCGCTACAGGCGGGATACGACCTGCTCGGGGACGGTCGCCCCGAGACG
ATGGACCCGATAGCGCTACAGGCGGGATACGACCTGCTCGGGGACGGTCGCCCCGAGACG
ATGGACCCGATAGCGCTACAGGCGGGATACGACCTGCTCGGGGACGGTCGCCCCGAGACG
ATGGACCCGATAGCGCTACAGGCGGGATACGACCTGCTCGGGGACGGTCGCCCCGAGACG

60
60
60
60

HeAR
S165A
T164A
T164A/S165A

61
61
61
61

CTCTGGTTGGGTATAGGCACGCTACTAATGTTAATCGGGACCTTCTACTTCATCGTCAAA
CTCTGGTTGGGTATAGGCACGCTACTAATGTTAATCGGGACCTTCTACTTCATCGTCAAA
CTCTGGTTGGGTATAGGCACGCTACTAATGTTAATCGGGACCTTCTACTTCATCGTCAAA
CTCTGGTTGGGTATAGGCACGCTACTAATGTTAATCGGGACCTTCTACTTCATCGTCAAA

120
120
120
120

HeAR
S165A
T164A
T164A/S165A

121
121
121
121

GGATGGGGGGTCACCGACAAGGAGGCTCGCGAGTACTACTCGATCACGATCCTCGTGCCG
GGATGGGGGGTCACCGACAAGGAGGCTCGCGAGTACTACTCGATCACGATCCTCGTGCCG
GGATGGGGGGTCACCGACAAGGAGGCTCGCGAGTACTACTCGATCACGATCCTCGTGCCG
GGATGGGGGGTCACCGACAAGGAGGCTCGCGAGTACTACTCGATCACGATCCTCGTGCCG

180
180
180
180

HeAR
S165A
T164A
T164A/S165A

181
181
181
181

GGGATCGCATCGGCGGCGTACCTGTCGATGTTCTTCGGCATCGGCCTGACGGAGGTCACG
GGGATCGCATCGGCGGCGTACCTGTCGATGTTCTTCGGCATCGGCCTGACGGAGGTCACG
GGGATCGCATCGGCGGCGTACCTGTCGATGTTCTTCGGCATCGGCCTGACGGAGGTCACG
GGGATCGCATCGGCGGCGTACCTGTCGATGTTCTTCGGCATCGGCCTGACGGAGGTCACG

240
240
240
240

HeAR
S165A
T164A
T164A/S165A

241
241
241
241

GTCGCCGGCGAAGTGCTCGACATCTACTACGCGCGGTACGCGGACTGGCTGTTCACCACG
GTCGCCGGCGAAGTGCTCGACATCTACTACGCGCGGTACGCGGACTGGCTGTTCACCACG
GTCGCCGGCGAAGTGCTCGACATCTACTACGCGCGGTACGCGGACTGGCTGTTCACCACG
GTCGCCGGCGAAGTGCTCGACATCTACTACGCGCGGTACGCGGACTGGCTGTTCACCACG

300
300
300
300

HeAR
S165A
T164A
T164A/S165A

301
301
301
301

CCGCTGCTGCTCCTTGACCTCGCGCTGCTGGCGAAGGTCGACCGCGTGAGCATCGGGACG
CCGCTGCTGCTCCTTGACCTCGCGCTGCTGGCGAAGGTCGACCGCGTGAGCATCGGGACG
CCGCTGCTGCTCCTTGACCTCGCGCTGCTGGCGAAGGTCGACCGCGTGAGCATCGGGACG
CCGCTGCTGCTCCTTGACCTCGCGCTGCTGGCGAAGGTCGACCGCGTGAGCATCGGGACG

360
360
360
360

HeAR
S165A
T164A
T164A/S165A

361
361
361
361

CTCGTCGGCGTCGACGCGCTGATGATCGTCACCGGTCTCATCGGTGCGCTCTCGCACACG
CTCGTCGGCGTCGACGCGCTGATGATCGTCACCGGTCTCATCGGTGCGCTCTCGCACACG
CTCGTCGGCGTCGACGCGCTGATGATCGTCACCGGTCTCATCGGTGCGCTCTCGCACACG
CTCGTCGGCGTCGACGCGCTGATGATCGTCACCGGTCTCATCGGTGCGCTCTCGCACACG

420
420
420
420

HeAR
S165A
T164A
T164A/S165A

421
421
421
421

CCGCTCGCGCGCTACTCCTGGTGGCTGTTCAGCACGATCTGCATGATCGTCGTGCTGTAC
CCGCTCGCGCGCTACTCCTGGTGGCTGTTCAGCACGATCTGCATGATCGTCGTGCTGTAC
CCGCTCGCGCGCTACTCCTGGTGGCTGTTCAGCACGATCTGCATGATCGTCGTGCTGTAC
CCGCTCGCGCGCTACTCCTGGTGGCTGTTCAGCACGATCTGCATGATCGTCGTGCTGTAC

480
480
480
480

HeAR
S165A
T164A
T164A/S165A

481
481
481
481

TTCCTCGCCACGAGCCTGCGCGCCGCGGCGAAGGAGCGCGGACCCGAGGTGGCGAAGCTG
TTCCTCGCCACGGCACTGCGCGCCGCGGCGAAGGAGCGCGGACCCGAGGTGGCGAAGCTG
TTCCTCGCCGCGAGCCTGCGCGCCGCGGCGAAGGAGCGCGGACCCGAGGTGGCGAAGCTG
TTCCTCGCCGCAGCCCTGCGCGCCGCGGCGAAGGAGCGCGGACCCGAGGTGGCGAAGCTG

540
540
540
540

HeAR
S165A
T164A
T164A/S165A

541
541
541
541

TTCAACACGCTGACCGCGCTGGTGCTCGTCCTCTGGACGGCCTACCCGATCCTGTGGATC
TTCAACACGCTGACCGCGCTGGTGCTCGTCCTCTGGACGGCCTACCCGATCCTGTGGATC
TTCAACACGCTGACCGCGCTGGTGCTCGTCCTCTGGACGGCCTACCCGATCCTGTGGATC
TTCAACACGCTGACCGCGCTGGTGCTCGTCCTCTGGACGGCCTACCCGATCCTGTGGATC

600
600
600
600

HeAR
S165A
T164A
T164A/S165A

601
601
601
601

GTCGGCACCGAAGGAGCCGGCGTCGTCGGCCTCGGCATCGAGACCCTGCTGTTCATGGTT
GTCGGCACCGAAGGAGCCGGCGTCGTCGGCCTCGGCATCGAGACCCTGCTGTTCATGGTT
GTCGGCACCGAAGGAGCCGGCGTCGTCGGCCTCGGCATCGAGACCCTGCTGTTCATGGTT
GTCGGCACCGAAGGAGCCGGCGTCGTCGGCCTCGGCATCGAGACCCTGCTGTTCATGGTT

660
660
660
660

HeAR
S165A
T164A
T164A/S165A

661
661
661
661

CTCGACGTGACCGCCAAGGTCGGCTTCGGCTTCATCCTGCTCCGCAGCCGCGCGATCATC
CTCGACGTGACCGCCAAGGTCGGCTTCGGCTTCATCCTGCTCCGCAGCCGCGCGATCATC
CTCGACGTGACCGCCAAGGTCGGCTTCGGCTTCATCCTGCTCCGCAGCCGCGCGATCATC
CTCGACGTGACCGCCAAGGTCGGCTTCGGCTTCATCCTGCTCCGCAGCCGCGCGATCATC

720
720
720
720

HeAR
S165A
T164A
T164A/S165A

721
721
721
721

GGCGACACTGAGGCCCCGGAGCCCTCCGCGGGCGCCGAGCCCTCGGCCGCCGACCTCGAG
GGCGACACTGAGGCCCCGGAGCCCTCCGCGGGCGCCGAGCCCTCGGCCGCCGACCTCGAG
GGCGACACTGAGGCCCCGGAGCCCTCCGCGGGCGCCGAGCCCTCGGCCGCCGACCTCGAG
GGCGACACTGAGGCCCCGGAGCCCTCCGCGGGCGCCGAGCCCTCGGCCGCCGACCTCGAG

780
780
780
780

HeAR
S165A
T164A
T164A/S165A

781
781
781
781

CACCACCACCACCACCAC
CACCACCACCACCACCAC
CACCACCACCACCACCAC
CACCACCACCACCACCAC

798
798
798
798

Figure 3-13. The multiple sequence alignment of HeAR and its mutants.
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3.2.2.2 Expression of HeAR and its mutants in the E. coli cell
The expression of histidine-tagged HeAR wild-type (WT) and its mutants
analyzed by SDS-PAGE (Fig. 3-14 left) and MALDI-TOF mass (Fig. 3-14 right):
(a);

WT-HeAR,

(b);

T164A-HeAR,

(c);

S165A-HeAR

and

(d);

T164A/S165A-HeAR. For WT-HeAR and all mutants, a band at around 28 kDa was
observed stronger in the “+” (induced whole cells) lane than that in the “-”
(non-induced) lane. Furthermore, the molecular sizes of obvious bands in “E”
(purified protein) columns are similar to that of the candidate band and are close to
the calculated result.
The purified HeAR and its mutants were analyzed by MALDI-TOF mass
spectrometry (Fig. 3-14 right). The mass spectrum of WT-HeAR showed a peak at
28701 Da, which is consistent with the calculated molecular weight (shown in table
3-5). The three mutants were at smaller values than WT-HeAR. The smaller values
are originated from the replacement of Thr164 or Ser165 with Ala, as the molecular
mass of Ala is smaller comparing to Thr or Ser (shown in table 3-5), indicating the
successive replacements of Thr and/or Ser in the mutants. Even in the mutant, there
were no peaks other than peaks derived from monovalent ions and divalent ions, so
it could be said that high purity protein could be purified by Ni-NTA agarose
column purification.
3.2.2.3 The absorption spectrum and circular dichroism spectrum (CD) of the
purified HeAR and its mutants
The

absorption

spectrum

features

of

HeAR,

S165A-,

T164A-

and

T164A/S165A-HeAR mutants in detergent DDM solution are very similar (Fig.
3-15a). For all opsins, the spectra showed one main characteristic band at the visible
region (350 nm - 700 nm) corresponding to the retinal chromophore covalently
bound to the protein. The λmax value of the visible chromophoric band of HeAR,
S165A-, T164A- and T164A/S165A-HeAR mutant is 557 nm, 554 nm, 551 nm and
548 nm respectively.
A distinct shift was observed from the biphasic CD spectrum of HeAR with
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maxima of the positive band at 530 nm and of the negative band at 590 nm to the
monophasic spectrum (shown in Fig. 3-15b). Compared to WT-HeAR, three
mutants-HeAR exhibited similar spectrum peaks.

Figure 3-14. The expression of histidine-tagged HeAR wild-type (WT) and its
mutants analyzed by SDS-PAGE (left) and MALDI-TOF mass (right). (a);
WT-HeAR, (b); T164A-HeAR, (c); S165A-HeAR and (d); T164A/S165A-HeAR.
In SDS-PAGE (left), M; molecular weight marker, (-); cultured without IPTG, (+);
cultured with IPTG, E; purified protein.
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Table 3-5. The calculated molecular weight and determined molecular weight
of HeAR and its mutants

1.0 (a)

(b)

Absorbance

0.8
0.6

550

WT
S165A
T164A
T164A/S165A

0.4
0.2
0.0
450

500

550

600

Wavelength (nm)

650

700

Figure 3-15. The absorption spectrum (a) and circular dichroism (CD)
spectrum (b) of HeAR and its mutants.

3.2.2.4 Proton-pumping activity
Proton pumping function of the E. coli-expressed HeAR (WT) and its mutants
(T164A, S165A and T164A/S165A) were examined by monitoring the
light-induced pH change of the suspensions of cells expression these proteins, as
shown in Fig. 3-16. The cell suspensions WT-HeAR showed distinct acidification
upon light irradiation (“-” curves). The addition of 10 µM CCCP, which eliminates
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the electrochemical gradient of H+ across the cell membrane, almost abolishes the
observed light-induced changes in pH (“+” curves). The recombinant HeAR retains
the light-driven proton pump characteristics, similar to natural HeAR in the native
membrane [52]. Similar results were obtained in HeAR mutants. Thus, these data
indicate that the three mutants of HeAR (T164A-HeAR, S165A-HeAR, and
T164A/S165A-HeAR) also exhibit light-driven outward proton pumping activity.

OFF

ON

2 nmol

-

WT

+
-

+

 H+

T164A

-

S165A

T164A/S165A

0

-

+

+

5
10
Time (min)

15

Figure 3-16. The Light-induced proton pumping activity of HeAR (WT) and its
mutants (T164A, S165A and T164A/S165A). The light-induced pH changes of the
surrounding medium were measured at 25 °C under the absence (-) or presence (+)
of the carbonyl cyanide m-chlorophenylhydrazone (CCCP). The gray bar of the top
of the figure indicates the period of the irradiation by green light (590 ± 8.5 nm).
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3.2.2.5 The light-dark adaptation
We measured the light-dark adaptation behavior of wild type HeAR and its
mutants. The results were outlined in the Fig. 3-17 and table 3-6. We found that
wild type HeAR and S165A-HeAR exhibited the light-dark adaptation.
T164A-HeAR and T164A/S165A-HeAR, on the other hand, did not show obvious
spectral changes under continuous irradiation with 560nm light at room temperature.
The λmax of the dark-adapted form of wild type HeAR at 551 nm shifted towards
559 nm of the light-adapted form of wild type HeAR.
3.2.2.6 High-performance liquid chromatography (HPLC) analysis.
The analysis by HPLC showed that the amount of all-trans retinal increased
from 67% of the dark-adapted form to 85% of the light-adapted form as the
proportion of 13-cis retinal decreased. The dark-adapted S165A-HeAR had 72%
all-trans, 28% 13-cis retinal chromophore. The proportion of all-trans retinal
increased to 84% and that of 13-cis retinal decreased to 16% by light-adaptation.
The T164A-HeAR had 71% all-trans, 29% 13-cis retinal chromophore and
T164A/S165A-HeAR had 74% all-trans, 26% 13-cis retinal chromophore (Fig.
3-18 and table 3-6). It is obvious that the mutation of T164 or S165 shifted the dark
state equilibrium between all-trans and 13-cis forms indicating the amino acid
replacements may alter the chromophore environment.
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(a)

(b)

(c)

(d)

Figure 3-17. UV–visible absorption spectra of HeAR and its mutants. The
spectra for the samples kept in the dark and exposed to 500 nm light 40min are
shown in black and red, respectively.
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Figure 3-18. HPLC analyses for the retinal isomer composition. The terms “dark”
and “light” on the chromatograms indicate those obtained using dark- and
light-adapted samples, respectively. From which the retention times of the
all-trans-syn, 13-cis-syn, 13-cis-anti and all-trans-anti isomers of retinal were
determined.
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Table 3-6. Retinal isomer compositions and maximum absorption wavelength of
HeAR and its mutants.

3.2.2.7 Flash-induced absorbance changes
Figure 3-19 shows the flash-induced absorbance changes in the light-adapted
HeAR, light-adapted S165A-HeAR, T164A-HeAR, and T164A/S165A-HeAR at
three selected wavelengths, 410, 670, and 560 nm, which correspond to the
photokinetics of the M intermediate, O intermediate, and ground states, respectively.
The flash-induced absorbance changes in S165A-HeAR were similar to those in
HeAR, while the absorbance changes in T164A- and T164A/S165A-HeAR
appeared to be substantially different. One of the noticeable differences was the
shape of a 560-nm curve, which represented the depletion and recovery of the
ground state. A positive absorbance change appeared in the 0.2–20 ms time range in
T164A/S165A-HeAR, indicating accumulation of an intermediate that had a larger
molar absorption coefficient at 560 nm than that of the ground state. Decay of M
intermediate became faster in the mutants as well. Figure 3-20 compares the
transient absorbance change at 410 nm, which represents the formation and decay
of the M intermediate. As shown in this figure, the replacement of T164 and/or
S165 accelerated the decay of the M intermediate. The decay rate of the M
intermediate increased in the following order: HeAR < S165A- < T164A- <
T164A/S165A-HeAR. Replacement of T164 showed a larger effect on the decay
rate of the M intermediate than that of S165 did. The overall photocycle also
60

became slower in the mutants. The photocycles were completed in approximately
200,

300,

2,000,

and

3,000

ms

in

HeAR,

S165A-,

T164A-,

and

T164A/S165A-HeAR, respectively.

Figure 3-19. Transient absorbance changes in HeAR (a), S165A-HeAR (b),
T164A-HeAR (c), and T164A/S165A-HeAR (d) at the three wavelengths. All
the samples were in 100 mM NaCl, 10 mM HEPES, and 0.05% DDM, pH 7.0. The
410-nm curves represent the formation and decay of the M state. The depletion and
recovery of the ground state were monitored at 560 nm. The formation and decay of
the O state were detected by the absorbance changes at 670 nm.
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(a)

(b)

Figure 3-20. Flash-induced absorbance changes in HeAR, S165A-, T164A-, and
T164A/S165A-HeAR at 410 nm. The absorbance changes were normalized at their
different absorbance maxima as 1.0. The smooth curves drawn through the data
represent the results of multi-exponential fitting. The curves of HeAR and
S165A-HeAR were fitted with four exponentials, and those of T164A- and
T164A/S165A-HeAR were fitted with six exponentials.
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Figure 3-21. The time-resolved difference spectrum for HeAR (a-c) and
T164A/S165A-HeAR (d-f) in three time regions, which were separated by the
time of the maximum accumulation of M and O intermediates. Curves 1-4 in (a)
are the spectra at 10, 13, 17 and 31 µs after the flash, respectively. Curves 4-8 in (b)
are those at 31, 77 µs, 0.19, 0.47 and 1.15 ms after the flash, respectively. Curves
8-13 in (c) are those at 1.15, 2.81, 6.90, 16.94, 41.59 and 102.09 ms after the flash,
respectively. Curves 1-3 in (d) are the spectra at 10, 13 and 17 µs after the flash,
respectively, Curves 3-10 (e) are those at 17, 31, 77 µs, 0.19, 0.47, 1.15, 2.81 and
6.90 ms after the flash, respectively. Curves 10-16 (f) are those at 6.90, 16.94, 41.59,
102.09, 250.59, 615.14 and 1509.99 ms, respectively. The arrows indicate the time
evolution of the signal.
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Figure 3-22. The double-difference spectrum of HeAR (a - c) and
T164A/S165A- HeAR (d - f) in three time regions of Fig. 3-21 a– c and Fig. 3-21
d – f, respectively. The curves (i = 1, 2, 3…) in a - f were obtained by subtracting
the difference absorbance of curve i from that of curve i+1 in Fig. 3-21 a - f.
Figure 3-21 and 3-22 compare the time-resolved difference spectrum of HeAR
(a – c) and T164A/S165A (d – f). Figure 3-21 showed the difference absorption
spectra of the transient state at each selected timepoint against the ground state. The
arrows indicate the time evolution of the signal. Positive signals at a wavelength
denote the photoproduct (s) has larger absorbance than the ground state at this
wavelength, and vise versus. Figure 3-22 shows the ʻʻdouble-difference’’ spectra
that were obtained by subtracting the difference spectrum of a state (curve i in Fig.
3-21) from that of its following state (curve i+1 in Fig. 3-21). The
ʻʻdouble-difference’’ spectra provide an information on the spectral changes during
two timepoints. As shown in Fig. 3-21a, for HeAR, positive peaks at about 410 nm
and at 640 nm, and a negative peak at 560 nm were observed in the 10 µs curve
(curve 1). The negative peak at approximately 560 nm was due to the depletion of
the ground state after flash excitation and the positive peak at 410 nm indicate the
formation of M intermediate. The small positive absorbance at 640 nm would come
from the residual K intermediate. With passage of time, absorbance at 410 nm
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increased and the absorbances at 560 nm and at 640 nm decreased as shown in Fig.
3-22a, indicating the M intermediate continued to accumulate with the decay of K
probably via the L intermediate. In the second time region from 31 µs to 1.15 ms in
Fig. 3-21b, decay of M to the next intermediate was suggested by the absorbance
decrease around 410 nm and an increase around 560 nm. As shown in Fig. 3-22b
the maximum absorbance increase in this time range was observed at about 560 nm
that indicates the N intermediate was largely accumulated after decay of M
intermediate. Small positive signal reappeared around 640 nm as shown in Fig.
3-21b indicated that the O intermediate might accumulated as well. In the last part
of the photocycle (Fig. 3-21c and 3-22c), the decay of N intermediate and O
intermediate, and recovery of the ground state were observed.
Compared with HeAR, the double mutant T164A/S165A-HeAR exhibited
complicated process in the whole photocycle. In 10-17 µs (Fig. 3-21d), positive
peaks around 410 nm and around 610 nm were observed. The two positive peaks
may originate from M and K intermediates. However, the relative amplitude of the
longer wavelength positive peak was much larger than that of wild type and the
positive peak still remained, with a slight decrease of its amplitude, when M
intermediate started to decay (positive peak around 610 nm in curve 3 of Fig. 3-21e).
Because K intermediate usually has very short lifetime (a few microseconds), the
result suggests that the positive peak should not be attributed to the K intermediate
alone and that another intermediate with longer wavelength absorption spectrum
and longer lifetime should have been mixed with the M and K intermediate. The
difference spectra observed in Fig. 3-22d were very similar with those in Fig. 3-22a
indicating the K-to-M transition proceeded in T164A/S165A-HeAR as that in the
wild type. In the second time region from 17 µs to 6.9 ms, the decay of M and
formation of the following intermediate (s) appeared to be drastically different from
that in the wild type. Figure 3-22b and e clearly showed the differences. In the wild
type (Fig. 3-22b), the changes in the difference spectra were very simple and
showed a quasi-isosbestic point near 460 nm, indicating the decay reaction in this
time region was likely one step reaction. In the double mutant, on the contrary, the
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decay reaction in this time region appeared to be a multi-step reaction. Appearance
of a negative peak near 400 nm and positive peaks around 550 nm in curves 3-5 in
Fig. 3-22e may be due to the M decay and the formation of N intermediate as that in
the wild type. The negative signal in the longer wavelength region of curves 3-5 in
Fig. 3-22e may be due to the decay of the unidentified longer wavelength
photoproduct (s) as discussed above. The negative peak at 400 nm no longer
observed in curves 6-9 in Fig. 3-22e, suggesting M intermediate had completely
decayed to the next state. Meanwhile, the wavelength at the positive peak and the
negative peak shifted to the longer wavelength region (curves 6-9 in Fig. 3-22e),
indicating the photoreaction had proceeded into a new phase with its decay product
having an absorption spectrum in the longer wavelength region. In the last time
region, a decrease of the absorbance in the longer wavelength region and an
increase of the absorbance in the shorter wavelength were first observed (curves
10-12 in Fig. 3-22f). The results indicated the longer wavelength photoproduct
observed in the previous step began to decay to a new blue-shifted photoproduct.
Lastly, with the increase of the absorbance around 550 nm, full recovery of the
ground state was observed (curves 13-15 in Fig. 3-22f). To summarize the
comparison of time resolved difference spectra, the photocycle of the
T164A/S165A-HeAR appeared to proceed through a few more distinct steps than
that of the wild type indicating more intermediate should be present in the
photocycle of the T164A/S165A-HeAR. Moreover, the O intermediate did not
accumulate in large amount in the wild type while in the mutant prominent
accumulation of the O-like states was observed suggesting the amino acid
replacements favors the accumulation of longer wavelength photoproduct.
Because T164A/S165A mutant has 26% 13-cis retinal chromophore that is 11%
percent more than that of the light adapted wild type HeAR, it is questionable
whether the difference of photocycle between wild type and T164A/S165A mutant
may originate from the increased 13-cis form. To verify this, we performed a flash
photolysis experiment on the light-adapted and dark-adapted wild type HeAR. It is
difficult to obtain the flash induced absorbance changes of absolutely dark-adapted
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form because repetitive flash light induction would drive the dark-adapted form
toward the light-adapted one during measurement. Nevertheless, we could roughly
estimate the percentage of 13-cis form that transformed to the all-trans during
measurement by comparing the absorption spectra of the protein before and after
the flash photolysis. Our results showed, the percentage of 13-cis chromophore
have changed from the initial 33% to 25% after the flash photolysis of dark-adapted
HeAR. The average percentage of 13-cis form as a starting material for flash
photolysis is 29%. Thus, the flash photolysis data of dark-adapted HeAR might
represent a state with an averagely 29% 13-cis and 71% all-trans chromophore. The
results of light-adapted HeAR should represent a state with a 15% 13-cis and 85%
all-trans chromophore. Therefore, the comparison of the flash photolysis results of
the two states should reflect the effect of additional 14% 13-cis form on the
photocycle of the protein. The results are shown in Figure 3-23. It was found that
the difference of the flash-induced absorbance changes of the two states were very
similar and are not comparable to that between wild type and T164A/S165A mutant
although the dark-adapted wild type HeAR contains more amount of 13-cis form
than the T164A/S165A mutant. More importantly both the data obtained from
dark-adapted and light-adapted wild type HeAR can be sufficiently fitted with four
exponential equations. These results suggested that drastic changes observed in
T164 mutant should not originated from the difference of chromophore
configuration of the initial states.
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Figure 3-23. Transient absorbance changes in light-adapted (L) and
dark-adapted (D) wild type HeAR at the four wavelengths. All the samples were
in 100 mM NaCl, 10 mM HEPES, and 0.05% DDM, pH 7.0. The 410-nm curves
represent the formation and decay of the M intermediate. The depletion and
recovery of the ground state were monitored at 560 nm. The formation and decay of
the K and O intermediates were detected by the absorbance changes at 600 nm and
670 nm, respectively.
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Figure 3-24. The global multi-exponential fitting of the flash induced
absorbance changes in HeAR and S165A-HeAR (a, b) and those in T164A- and
T164A/S165A-HeAR (c, d). The four large panels (a–b) show the time-dependent
absorbance changes at one typical wavelength (560 nm). Absorbance changes in (a)
and (b) were fitted with three or four exponentials, and those in (c) and (d) were
fitted with five or six exponentials. The narrow panels show differences between the
measured absorbance change and fitting curve at 560 nm. The numbers in the
figures represent the number of exponentials in the fitting function.
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Figure 3-25 (a)

Figure 3-25 (b)

Figure 3-25 (c)

Figure 3-25 (d)

Figure 3-25 (e)

Figure 3-25 (f)
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Figure 3-25. The global multi-exponential fitting of the flash induced
absorbance changes in dark-adapted (a-c) and light adapted (d-f) wild-type
HeAR. The four large panels show the time-dependent absorbance changes at four
typical wavelengths (410 nm, 560 nm, 600 nm and 670 nm). Absorbance changes in
left, middle and right panels were fitted with three, four and five exponentials,
respectively. The narrow panels show differences between the measured absorbance
change and fitting curve at 410 nm, 560 nm, 600 nm and 670 nm. The numbers in
the figures represent the number of exponentials in the fitting function.
To investigate the photocycle in more detail, the flash-induced absorbance
changes were analyzed by global multi-exponential fitting using a sequential
irreversible model. Details of the global fitting were provided in Figure 3-24 and
summarized in Figure 3-27 Consequently, in the cases of HeAR and S165A-HeAR,
the absorbance changes could be sufficiently fitted at 39 wavelengths (from 320 to
700 nm) with four exponentials. In contrast, at least six exponentials were required
to fit the absorbance changes of T164A- and T164A/S165A-HeAR. It should be
noted that transient absorbance changes of dark-adapted and light-adapted wild type
HeAR can be sufficiently fitted with four exponential equations although the
dark-adapted HeAR has more 13-cis form than the T164 mutants (Figure 3-25). The
results indicate, once again, that the drastic changes observed in T164 mutants
should not be originated from the difference of chromophore configuration of the
initial states.
The estimated absorption spectra of each exponential state of HeAR and
T164A/S165A-HeAR are shown in Fig. 3-26a and b, respectively. The absorption
spectra of intermediates were substantially different between HeAR and
T164A/S165A-HeAR, indicating that the amino acid replacements caused profound
changes in the photocycle of HeAR. It is worthy to note that the P2 state of
T164A/S165A-HeAR (Fig. 3-26b) showed two distinct peaks suggesting that P2
state might contains two intermediates, one of which should be the M intermediate
judging from the peak in the shorter wavelength region. It is not unusual to have
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two intermediates in one state in the sequential irreversible model. If two or more
intermediates could quickly reach equilibrium before decay to next state, these
intermediates would be resolved as one state. The P5 state in Fig.3-26b would be
likely the O intermediate judging from its largely red-shifted absorption spectrum.
The P3 and P4 states of T164A/S165A-HeAR showed a higher absorbance at 560
nm than the ground state (P0) did. The appearance of the positive absorbance in the
560-nm curve in Fig. 3-19d may have resulted from the accumulation of the P3
and/or P4 state (s) in the T164A/S165A-HeAR photocycle. The P6 state of the
mutant has almost the same λmax as that of the wild type has while the molar
extinction coefficient at the λmax was slightly smaller than that of the wild type.
Such an intermediate was not observed in the wild type HeAR. It should be noted,
however, that such an intermediate was reported in many other microbial
rhodopsins

like

sensory

rhodopsin

II

[75],

halorhodopsin

[76]

and

channelrhodopsin-2 [77].

Figure 3-26. Calculated absorption spectra of kinetically defined Pi
intermediates and the ground state for HeAR (a) and T164A/S165A-HeAR (b).
HeAR and T164A/S165A-HeAR include four and six P intermediates, respectively.
Data analysis was performed for the data set obtained at 320–700 nm at an interval
of 10 nm, using a sequential irreversible model.
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Figure 3-27. Photocycles of HeAR and its mutants (T164A-, S165A-, and
T164A/S165A-HeAR). Its show the ground state (P0) and Pi states of intermediates,
with their absorption maxima (nm) and lifetimes (ms) estimated by global
multi-exponential fitting using a sequential irreversible model.
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3.2.3 Discussion
The precise control of the photocycle turnover time and the lifetime of each
intermediate are important for proper functioning of microbial rhodopsins. For
light-driven proton pumps, a fast photocycle is needed to generate a sufficient
electrochemical gradient. For photo sensors, however, the lifetime of the signaling
state (s) should be long enough to efficiently transduce the light signal to the
transducer protein. It has been reported that many amino acid residues in the
proton-conducting channel or near the retinal Schiff base have crucial effects on the
photocycle of proton pumps [59, 78-82]. Nevertheless, the effects of amino acid
residues that are not situated in the proton conducting-channel or are far from the
retinal Schiff base have received less attention. The T164 and S165 residues are
located at the cytoplasmic end of helix E, far from the proton transfer channel.
These two amino acid residues are fully conserved across ARs. Moreover, based on
the crystal structure of AR2, T164 may form multiple H-bonds with surrounding
amino acids, including S165. In addition, S165 likely forms an H-bond with a
hydroxyl group of bacterioruberin, contributing to the stability of the carotenoid–
protein complex. Thus, we speculated that T164 and S165 might play some
functional roles. To verify the hypothesis, T164 and/or S165 were replaced in
HeAR with alanine, and photocycles of the mutant proteins were analyzed with
flash photolysis. Compared with those of HeAR, the photocycle turnover times
were prolonged and the decay of the M intermediate became faster in all the
mutants. Moreover, two additional intermediates appeared in the photocycles of the
T164-mutated ARs. These results suggest that although T164 and S165 are far from
the proton-conducting channel, these amino acid residues are important for
maintaining the fast turnover of the HeAR photocycle.
We considered that the observed changes could be related to the “bent structure”
at the C-terminus of helix E, where T164 and S165 are located. Despite their low
sequence similarities, the “bent structure” is conserved in most microbial
rhodopsins, including proton pumps [57, 61-68], sensory rhodopsins [83, 84], and
halorhodopsins [85, 86], suggesting that the structure may be functionally important
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in different types of microbial rhodopsins (Fig. 3-7). On closer inspection of amino
acid sequences in this region, these microbial rhodopsins seem to apply different
strategies to attain a “bent structure”. In BR, for example, which has a glycine in its
“bent structure”, the glycine residue appears after two consecutive phenylalanine
residues and is followed by another phenylalanine residue. Steric interactions of the
bulky side chains of phenylalanine, together with the helix-destabilizing effect of
glycine [87-89], might lead to the establishment of a “bent structure” in BR. ARs do
not have glycine or phenylalanine in the corresponding positions; instead, threonine
and serine appear in their bent structures. The crystal structure of AR2 indicates that
the threonine may form multiple H-bonds with its surrounding amino acids,
including serine, indicating that the “bent structure” of ARs might be created by a
complex H-bonding network involving threonine and serine residues (Fig. 3-6). In
this study, the H-bonding network was disturbed by the amino acid replacements,
which could have broken the “bent structure”, resulting in an altered photocycle.
It should be noted that T164 may play a more important role than S165 does in
the stabilization of the H-bonding network. The T164 residue is located at the center
of the H-bonding network, while S165 only forms H-bonds with T164 and a
hydroxyl group of bacterioruberin. Since our experiments were conducted in a
bacterioruberin-free solution, no H-bond between S165 and bacterioruberin could
be formed. Thus, it could be expected that the replacement of T164 would have
more profound effects on the photocycle. Our results were consistent with this
assumption.
It is still unknown how the “bent structure” affects the photocycle of microbial
rhodopsins. One of the possibilities is that the “bent structure” may affect the
movement of helix F. It has been well known that the displacement of the
N-terminal half of helix F at a later stage of the photocycle is functionally important.
For BR, the outward tilt of helix F is essential for proton movement in the
cytoplasmic half-channel [90-92]. For SRII, the outward tilt of helix F is essential
for signal transduction to the transducer protein [93, 94]. As the movement of helix
F occurs in the N-terminal half of the helix, the C-terminus of helix E and the EF
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loop, which connects helices F and E, may affect the movement. Sugiyamat et al.
[95] have reported that an insertion and a deletion in the EF loop perturbed the
photocycle and slowed down the proton uptake steps in AR. The C-terminus of
helix E may have a “bent structure” to facilitate the movement of helix F and the
amino acids replacement may affect the extent and/or the timing of opening and
closure of the cytoplasmic side half channel resulting into a largely altered
photocycle. Opening of cytoplasmic half channel is a key step for the proton uptake
from bulk media and reprotonation of the proton donor.
It is also possible that the amino acid replacement may have caused broader
structural changes to the protein. In the case of proteorhodopsin, the replacement of
A178, an amino acid located in the EF loop, with arginine caused large changes to
absorption spectrum and photocycle of it [96, 97]. These changes include 20
nm-red-shift of the absorption maximum of the ground state, elevated pKa of the
primary proton acceptor, a faster decay of K and M intermediates, 10 times
elongation of the photocycle, and chromophore configurational change.
Multidimensional MAS-NMR study [97] identified 64 amino acid residues occurred
mutation-induced-change in chemical shift. These amino acid residues distributed
over the whole protein. A kink structure at the end of E helix that overlaps with the
“bent structure” of AR discussed in the present work also underwent structural
change in A178R mutant and these structural changes were viewed as a key
component that propagate the structural change of the EF loop to whole protein [97].
Mutation to two consecutive polar amino acids in the “bent structure” of HeAR
brought many changes to the photochemical properties of HeAR and some of the
changes were very similar to that found in A178R mutant of proteorhodopsin. This
suggests that T165A and/or S164A mutation may have similar effect on the overall
structure of the protein. The overall protein structural change might have changed
the environment of proton donor, Asp106, resulting into the early transfer of its
proton to the retinal Schiff base leading to the early decay of M intermediate. The
overall protein structural change may also interfere with the proton transfer from
cytoplasmic surface to the proton donor resulting into a late reprotonation of the
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proton donor, namely the slow decay of N intermediate. The large scale structural
change may also change the pKa of the counter ion or the proton releasing group in
the extracellular site so as to inhibit the proton transfer from the counter ion to the
proton releasing group resulting into a slow decay of O intermediate. Increased
accumulation as well as the slow decay of O intermediate were observed in AR4 at
low pH that were interpreted as a sign of delayed deprotonation of the counter ion
[98]. A detailed study of these aspects may reveal a universal mechanism
underlying the function of the “bent structure”.
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3.3 Thermal stability study of the of Halorubrum sp. Ejinoor archaerhodopsin
using X-ray scattering
In the last decade, X-ray scattering has been substantial progress towards
understanding the molecular nature of the forces governing the structural stability of
the membrane proteins and the contributions of these forces for protein functioning
[99].
X-ray scattering data with high statistic precision enable us to analyze not only a
change of a whole structure (quaternary and/or tertiary structure) of a protein but
also its internal structures such as domain and secondary structures as shown
previously. The figure 3-28 takes up the X-ray scattering curve of HEWL as an
example showing schematically the correspondence between different hierarchal
structure levels and scattering curves, where the theoretical scattering curve
obtained by using the CRYSOL program are shown. The CRYSOL program is
known to calculate a scattering curve of a protein in solution from the atomic
coordinates of the protein by taken into account of a hydration shell surrounding the
protein. As shown in Fig. 3-28, the scattering curve of a protein in different
q-regions (A–D regions in Fig. 3-28) mostly correspond to different hierarchical
structure levels, that is, the quaternary and/or tertiary structure (q <0.2 Å−1), the
interdomain correlation (0.25 Å−1 < q <0.5 Å−1) and intra-domain structure (0.5 Å−1<
q <0.8 Å−1), and the secondary structures, including the closely packed side chains
(1.1 Å−1 < q <1.9 Å−1), respectively [100-102].
In the present study, we performed small angle x-ray scattering (SAXS)
measurements under a constant heating (20–80 ℃ ) and, aiming to obtain
heat-induced structural changes of HeAR and double mutant T164A/S165A.
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Figure 3-28. Theoretical scattering curve and three-dimensional structure of
protein (HEWL). The theoretical scattering curve was calculated by using
CRYSOL program [103]. The correspondence of different scattering curve regions
to different hierarchical structure levels are shown schematically. A (q <0.2 Å−1),
quaternary and tertiary structures; B (0.25 Å−1 < q <0.5 Å−1), interdomain
correlation; C (0.5 Å−1< q <0.8 Å−1), intradomain structure; D (1.1 Å−1 < q <1.9 Å−1),
secondary structure including the closely packed side chains.
3.3.1 Materials and methods
3.3.1.1 The preparation of HeAR and double mutant T164A/S165A
HeAR and double mutant T164A/S165A (6×His tag) were overexpressed in E.
coli and supplemented with all-trans retinal. The cells were harvested and
disintegrated with beads. The cell membrane fraction were collected by
centrifugation (6,000 × g, 30 min) and solubilized with 1.5% DDM. The solubilized
HeAR and double mutant T164A/S165A were purified on a Ni-NTA agarose
column. The proteins were then stored in HEPES buffer (10 mM HEPES, pH 7.0,
0.05 % DDM) at 4°C until use.
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3.3.1.2 Solution X-ray scattering measurement
Solution X-ray scattering measurement was carried out by using small-angle
X-ray scattering (SAXS) spectrometers installed at BL-40 B2 beam port of the 8
GeV synchrotron radiation source (SPring-8) at the Japan Synchrotron Radiation
Research Institute (JASRI), Harima, Japan. The small-angle X-ray scattering
wavelength and the sample to detector distance were 1Å and 40 cm, respectively.
The exposure time to small-angle X-ray scattering was 60 s. The thermal stability of
HeAR and double mutant T164A/S165A have been studied in the temperature range
from 20 to 80 °C by using solution X-ray scattering measurement.
3.3.1.3 Data analysis
The radius of gyration Rg was determined by using the following equation [100,
102-104].
2

𝑅𝑔 =

𝐷
∫0 𝑚𝑎𝑥 𝑝(𝑟)𝑟 2 𝑑𝑟

(1)

𝐷
2 ∫0 𝑚𝑎𝑥 𝑝(𝑟)𝑑𝑟

where the p(r) is the distance distribution function calculated by the Fourier
inversion of the scattering curve I(q) as
𝑝 (𝑟 ) =

∞
1
∫ 𝑟𝑞𝐼(𝑞)sin(𝑟𝑞)𝑑𝑞
2𝜋 2 0

(2)

where q is the scattering vector (q = (4π/λ)sin(𝜃/2); 𝜃, the scattering angle; λ, the
X-ray wavelength. The maximum dimension Dmax of the particle is determined from
the p (r) function satisfying the condition p (r) = 0 for r > 0.
3.3.2 Results and discussion
In Figure 3-29, panels (a) and (b) show the temperature dependence of the
scattering curves of the HeAR and T164A/S165A-HeAR, respectively. As shown
Fig. 3-29, the scattering curves of a protein in the different scattering regions mostly
reflect the whole characteristics of the protein in the different hierarchical structure
levels. The scattering data at q <0.2 Å−1, at 0.25 Å−1 < q <0.5 Å−1, at 0.5 Å−1< q
<0.8 Å−1 and at 1.1 Å−1 < q <1.9 Å−1 reflect the tertiary structure, the inter-domain
correlation, the intra-domain structure, and the secondary structure, respectively.
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Therefore, we can analyze the structural transition feature at different hierarchical
levels separately from Figure 3-29. Although temperature were changed from
20 ℃ to 80 ℃, the scattering curves of HeAR and T164A/S165A-HeAR in 0.2
Å−1 < q <1.1 Å−1 were no large change, as shown in figure 3-29.
Figure 3-30 shows the distance distribution function p (r) obtained from the
scattering curves in Fig. 3-29. The p (r) functions were calculated using Equation 2.
The p (r) function is well known to depend on shape and internal scattering density
distribution of a particle. The positions of the maximum of both broad peaks are 53
Å and they are not shift with increasing temperature for the HeAR and
T164A/S165A-HeAR.
Radii of gyration obtained from X-ray scattering data using Guinier plots [105]
are well known to be useful for characterizing structures of particles with random
orientation. Figure 3-31 summarizes the temperature dependence of radius of
gyration (Rg) of HeAR and T164A/S165A-HeAR(20 ℃ - 80 ℃). The Rg value of
HeAR firstly increased to 65 ℃ then decreased. For T164A/S165A-HeAR, the Rg
value shows a simple decreasing-tendency. In total, The Rg values of HeAR and
T164A/S165A-HeAR are stable around 45 and 43 Å, respectively.
The results about p (r) and Rg show that HeAR is stabilized against temperature
elevation and that the mutation, replaced threonine 164 (T164) and serine 165
(S165) with Alanine, is no effect on the three-dimensional structure of HeAR.
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(a)

(b)

Figure 3-29. Temperature dependence of the X-ray scattering curve of HeAR
(a) and T164A/S165A-HeAR (b). The protein concentrations of HeAR and double
mutant T164A/S165A-HeAR were 3.42 and 10.96 (mg/ml) in10 mM HEPES, pH
7.0, 0.05 % DDM, respectively.
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Figure

3-30.

Distance

distribution

function

p(r)

of

HeAR

(a)

and

T164A/S165A-HeAR (b). Depending on temperature, p(r) was obtained from
scattering curves in Fig. 3-29.
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Figure 3-31. Comparison of radius of gyration, Rg of HeAR and T164A/S165A
-HeAR at different temperatures
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3.4 Effect of lipid properties on the photocycle of Halorubrum sp. Ejinoor
archaerhodopsin
The membranes of cells consist of membrane proteins and lipids. What effects
the membrane components may have on each other, and how they support to
modulate function for biological membranes. It is considered that the biological
membranes consist of two major kinds of molecules: membrane proteins and
membrane lipids. The membrane lipids, which are surrounding the transmembrane
domain of proteins, are known to importantly influence the protein structures and
functions [106].
Lipids may affect a protein conformational change to bury the hydrophobic
surfaces of the membrane protein within the limited thickness. It can be particularly
dramatic if a substantial hydrophobic mismatch occurs between the width of the
hydrophobic surface of the transmembrane domain and the width of the bilayer.
Transmembrane proteins have a function to express a hydrophobic surface on the
transmembrane portion of the protein to coexist with, and match the dimensions of,
the hydrophobic interior of the membrane bilayer. If the dimensions of the
hydrophobic surface on the membrane protein are close to the width of the
hydrophobic interior of the bilayer, then these two components can find a ready
accommodation. However, the protein in a bilayer the protein may alter
conformation to better accommodate the hydrophobic portion of the bilayer, or the
bilayer may distort to cover the hydrophobic surface on the transmembrane protein,
for that the bilayer is thinner than the hydrophobic surface on the protein [107-109].
Lipids also can act as effectors that bind and alter membrane protein function.
They are similar to effectors binding to soluble proteins in solution and inducing a
change in protein function. Since the transmembrane proteins belongs to the lipid
bilayer and the effective “concentration” of the lipids (solvent) in two dimensions
within the bilayer is very high, any binding sites on the protein that can match the
properties of one or more membrane lipids can be expected to be occupied by those
lipids to some extent. The extent may be based on protein conformation and
therefore binding of these lipids can induce changes of membrane protein
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conformation and consequent changes in membrane protein function [110-112].
Archaerhodopsin (AR) is a natural photoactive protein embedded in the lipid
bilayer of many bacteria found in the sea and salt lakes. Hence, ARs are often
expressed in Escherichia coli and solubilized in various detergents to investigation.
Solubilization of AR into the detergent, which is used to purify the protein from the
E. coli membrane. We perform here the reconstitution of HeAR into lipid to better
understand how membrane protein-lipid and membrane protein-detergent
interactions influence the photophysical properties of HeAR. Photochemical
property of these complexes was confirmed by flash photolysis spectroscopy.
3.4.1 Materials and methods
3.4.1.1 The expression and purification of HeAR
HeAR (6×His tag) was overexpressed in E. coli and supplemented with all-trans
retinal. The cells were harvested and disintegrated with beads. The cell membrane
fraction was collected by centrifugation (6,000×g, 30 min) and solubilized with 1.5%
DDM. The solubilized HeAR was purified on a Ni-NTA agarose column. The
protein was then stored in HEPES buffer (10 mM HEPES, pH 7.0, 0.05 % DDM) at
4°C until use.
3.4.1.2 Lipid reconstitution of HeAR
3-sn-Phosphatidylcholine (PC; Wako Pure Chemical Induatries, Ltd.) was
prepared by the following procedure. In brief, 20 mg lipids dissolved in 1 mL
chloroform were dried in a round bottomed flask by a stream of nitrogen and 5 min
of vacuum. The lipids were then resuspended in 1 ml reconstitution buffer (10 mM
phosphate buffer, 200 mM NaCl, pH 7.0) and vortexed for10 min at room
temperature under nitrogen atmosphere for a concentration of 20 mg/mL (lipid).
The HeAR was reconstituted in 3-sn-Phosphatidylcholine by hydrophobic
adsorption using Bio-Beads SM2 (Bio-Rad, USA) to adsorb and detergent removal
method. The concentration of HeAR and 3-sn-Phosphatidylcholine were added to
obtain weight ratios of 1:50. The mixture was incubated for 1h, and add the
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Bio-Beads to the protein at a ratio of 100:1 (w/w), then incubated overnight in the
dark at 4℃. The mixture was then washed by three centrifugations in 100 mM NaCl,
10 mM HEPES (pH 7.0) and suspended to 1 mL in the same buffer for assay [113].
3.4.1.3 Flash photolysis spectroscopy
Time dependent absorption spectroscopy after flash photolysis was used to
investigate the photocycle of lipid reconstitution HeAR (HeAR-PC) and detergent
HeAR (HeAR-DDM). Light-induced absorbance changes in samples were
measured using a flash photolysis apparatus with an Nd-YAG laser (532 nm, 7 ns, 5
mJ/pulse) [46]. Time-dependent absorbance changes at 25 °C were measured in the
visible range (from 320 to 700 nm) at 10-nm intervals. Data points were selected by
choosing a logarithmic time scale to reduce the number of points. The flash
photolysis data were analyzed using an irreversible sequential model introduced by
Chizhov et al. [26]. All samples were in a solution containing 100 mM NaCl, 10
mM HEPES, pH 7.0.
3.4.2 Results and discussion
Figure 3-32 shows the flash-induced absorbance changes in HeAR-DDM and
HeAR-PC at three selected wavelengths, 410, 670, and 560 nm, which correspond
to the photo kinetics of the M intermediate, O intermediate, and ground states,
respectively. The flash-induced absorbance changes in HeAR-PC is similar to
HeAR-DDM. The overall photocycle became slower in the HeAR-PC. The
photocycles were completed in approximately 100 and 400 ms in HeAR-DDM, and
HeAR-PC, respectively. For detailed comparison, the 410-nm and 670-nm curves
are shown in shown in Fig. 3-33 and Figure 3-34. The compares the transient
absorbance change at 410 nm, which represents the formation and decay of the M
intermediate. As shown in Fig. 3-33, the M intermediate decay of HeAR-PC is
slower than HeAR-DDM. Fig. 3-34 shows the transient absorbance change at 670
nm, which represents the formation and decay of the O intermediate. As shown in
figure, the O decay of HeAR-PC is faster than HeAR-DDM.
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(a)

(b)

Figure 3-32. Transient absorbance changes in HeAR-PC (b) and HeAR-DDM
(a) at the three wavelengths. All the samples were in 100 mM NaCl, 10 mM
HEPES, pH 7.0. The 410-nm curves represent the formation and decay of the M
intermediate. The depletion and recovery of the ground state were monitored at 560
nm. The formation and decay of the O intermediate were detected by the
absorbance changes at 670 nm.
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410 nm

Figure 3-33. Flash-induced absorbance changes in HeAR-DDM and HeAR-PC
at 410 nm. The 410-nm curves represent the formation and decay of the M
intermediate.

670 nm

Time (msec)
Figure 3-34. Flash-induced absorbance changes in HeAR-DDM and HeAR-PC
at 670 nm. The formation and decay of the O intermediate were detected by the
absorbance changes at 670 nm.
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Chapter 4
Conclusions
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In this thesis, the molecular mechanisms of microbial rhodopsins have been
discussed at the individual amino acid level. We have prepared amino acid replaced
mutants for sensory rhodopsin II from Halobacterium salinarum (HsSRII), and
archaerhodopsin discovered by our group from salt lake in Inner Mongolia of China
(HeAR). Their photochemical properties were studied by flash photolysis and the
function of amino acids which have been not reported until now was clarified.
The recombinant HsSRII and its mutants (D103N and D103E) have been
successfully expressed in E. coli membrane. The flash photolysis results revealed
that a substitution of D103 with asparagine (D103N) or glutamic acid (D103E) can
cause large changes in HsSRII photocycle. These alterations include acceleration of
the decay of the M intermediate, prolonging the lifetime of intermediates in the later
part of photocycle, and appearance of a long-lived shorter-wavelength photoproduct.
Thus, D103 of HsSRII may play an important role in regulation of the photocycle of
HsSRII.
The recombinant HeAR has been successfully expressed in E. coli membrane.
Functional assay results show that the recombinant HeAR retains the light-driven
proton pump characteristics and photo-cycling kinetics, similar to natural HeAR in
the native membrane. In order to study photochemical characterization and proton
pumping mechanism of HeAR, the mutant T164A, Sl65A and double mutant
T164A/Sl65A were investigated and compared with HeAR. These three mutants
also exhibit the functions of light-driven proton pump. However, they have effects
on the photocycle of HeAR. T164 and/or S165 were replaced with an alanine (A),
and the photocycles of the mutants were analyzed with flash photolysis. The amino
acid replacements caused profound changes to the photocycle of HeAR including
prolonged photocycle, accelerated decay of M intermediate and appearance of
additional

two

intermediate

which

was

evident

in

T164A-

and

T164A/S165A-HeAR photocyles. These results suggest that although T164 and
S165 are located at the far end of the photoactive center, these two amino acid
residues are important for maintaining the fast turnover of the HeAR photocycle.
The underlying molecular mechanisms are discussed in relation to hydrogen
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bonding networks involving these two amino acids. Present study may arouse our
interests to explore the functional role of the well-conserved “bent structure” in
different types of microbial rhodopsin.
The X-ray scattering results show that HeAR is stabilized against temperature
elevation and that the mutation, replaced threonine 164 (T164) and serine 165
(S165) with alanine, is no effect on the three-dimensional structure of HeAR.
The flash-induced absorbance changes in lipid reconstitution HeAR (HeAR-PC)
is similar to HeAR-DDM. The overall photocycle became slower in the HeAR-PC.
For detailed comparison, the M intermediate decay of HeAR-PC is slower than
HeAR-DDM, and the O intermediate decay of HeAR-PC is faster than
HeAR-DDM.
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