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To acquire energy for metabolism, organisms have developed different
strategies to obtain energy from the environment. One of the most
important energy sources is sunlight. Plants and algae convert light
energy to chemical energy by photosynthesis, in which carbon dioxide
and water are converted to glucose and oxygen by using chlorophyll.
On the other hand, archaea and some other microorganism convert
light energy to a proton gradient by using retinal-containing membrane
proteins which function as light-driven proton pump.

Since the discovery of the first light-driven proton pump – bacteri-
orhodopsin (bR) – in early 1970s, efforts have been made to understand
the structures and mechanism of light-driven proton pumps for more
than four decades. To date, several proton-pumping rhodopsins from
various types of organisms have been crystallized and their structures
have been determined. Comparison of these different structures would
provide an insight into essential structural motifs that are relevant to
the pumping activity. In this thesis we report the crystal structure and
spectroscopic properties of cruxrhodopsin-3, which is a newly found
member of archaeal light-driven proton pump; we also discuss about
the spectroscopic properties of archaerhodopsin-3.

Cruxrhodopsin-3 (cR3) is a new member of archaeal light-driven
proton pump that is found in Haloarcula vallismortis. Recently we have
successfully crystallized cR3 by the membrane fusion method into crys-
tals with space group P321, which diffracts X-ray to 2.1 angstrom res-
olution. Similar to the crystal structures of other archaeal rhodopsins
(bacteriorhodopisin, archaerhodopsin-2, deltarhodopsin-3), cR3 con-
sists of seven transmembrane alpha helices, with a beta sheet located
at the BC loop region on the extracellular side. Our structural data
showed that the proton-releasing group, which consists of two gluta-
mates facing each other, is maintained by a low barrier hydrogen bond.
This structural feature is commonly seen among all the crystal struc-
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tures of archaeal proton-pumping rhodopsins which were crystallized
by the membrane fusion method.

A detailed structural analysis shows that cR3 consists of the follow-
ing specific structural properties: i) cR3 has a remarkably long DE loop
which interacts with a neighboring subunit, strengthening the trimeric
structure; ii) three positively charged residues at the cytoplasmic end
of helix F are pointing outward, influencing the arrangement of cR3
molecules in the cell membrane; iii) the cytoplasmic part of helix E is
bent in such a manner that an open pathway for proton uptake from the
extracellular medium is created; iv) a short amphiphilic helix formed
near the C terminal end covers the cytoplasmic surface of the protein;
v) the retinal binding pocket of cR3 is more rigid than that of bR. It
is suggested that the rigidity of the retinal binding pocket restricts the
motional freedom of retinal, affecting formation/decay kinetics of the
early reaction intermediates in the proton-pumping photocycle.

Photobleaching experiments showed that the photo-stability of cR3
decreased dramatically when the trimeric structure of cR3 was disas-
sembled into monomers by mixing cR3-rich claret membranes with an
excess amount of detergent. This result suggests that formation of the
trimeric structure contributes to enhancement of the photo-stability of
cR3.

A carotenoid, bacterioruberin, was observed at the crevice between
subunits of cR3 trimer; It is surrounded by helices AB and DE of neigh-
boring subunits. The similar binding of carotenoid molecules between
subunits within the trimeric structure was also observed in different
archaeal rhodopsins. It is possible that such binding strengthens the
structural stability of the trimeric structure of microbial rhodopisn.

A homologous protein of archaerhodopsin-2, archaerhodopsin-3 (aR3),
was also crystallized by the membrane fusion method. Although the
size of aR3 crystals were too tiny for crystallography study at the mo-
ment when this thesis was finished, the spectroscopic properties and
the absorption kinetics of aR3 were determined.
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Chapter 1

Introduction

Sunlight is one of the most important energy sources for organisms on

the earth. Organisms have developed different strategies to convert

light energy for metabolism, orient themselves to receive more light

or avoid being damaged from light (e.g. UV). For these purposes, or-

ganisms make use of light sensing materials. Retinylidene proteins are

membrane proteins containing retinal (vitamin A aldehyde) as light

receiver. Retinylidene proteins can be divided into two categories;

namely, retinylidene proteins found in Eukaryotes, Bacteria and Ar-

chaea are structurally similar to one another and specified as microbial

rhodopsin (type 1), while retinylidene proteins found in animals are

specified as animal rhodopsin (type 2).

Retinylidene proteins were assumed to be observed in animals only

before the discovery of bacteriorhodopsin in early 1970s. Besides bac-

teriorhodopsin, halorhodopsin, sensory rhodopsin-I and -II were soon

discovered in Halobacterium halobium and their homologs were also

found in other archaea. The family of archaeal rhodopsin was then

further expanded to microbial rhodopsin after the discovery of pro-

teorhodopsin in marine planktonic bacteria and xanthorhodopsin in

eubacterium [2, 3]. Animal rhodopsins, on the other hand, belong to

a larger family of protein - the G protein-coupled receptors (GPCRs),

with a wide range of physiological functions from light vision to circa-

dian rhythms regulation [4].
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CHAPTER 1. INTRODUCTION 2

1.1 Archaeal rhodopsin

Among all microbial rhodopsins, archaeal rhodopsin is the best under-

stood in terms of working mechanism and structural information. At

least four types of archaeal rhodopsins have been identified in halophilic

archaea (archaea which live in high salt concentration); physiologically

they function as light-driven ion pumps for proton and chloride, and

photo-sensors. Light-driven ion pumps harvest light energy to gener-

ate a proton gradient across membrane, which energizes ATP synthesis

processes by ATP synthase. On the other hand, light sensors connected

to their transducers transmit information of light signal to regulate the

rotation of flagella, i.e. sensory rhodopsin regulates the photo-tactic

properties of the cell (Figure 1.1).

Figure 1.1: Four archaeal rhodopsins in Halobacterium salinarum. Bac-
teriorhodopsin (bR) functions as a light-driven outward proton pump;
halorhodopsin (hR) functions as a light-driven inward chloride pump; sen-
sory rhodopsin-I and -II with their transducers provide light sensing ability
to the cell.
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Despite the variety of functions and sequences, all members of the

rhodopsin superfamily share the same structural motif; namely all of

them consist of seven trans-membrane alpha helices, with a retinal

covalently bound to a lysine residue at the middle of the helix G (Fig-

ure 1.3). A major difference between animal rhodopsins and micro-

bial rhodopsins is seen in the retinal configuration in the resting state;

namely, in microbial rhodopsins, retinal with the all-trans configuration

is employed, and it isomerizes to 13-cis configuration when activated

by light (Figure 1.2); on the other hand, animal rhodopsins employ

11-cis retinal, which isomerizes to the all-trans configuration when il-

luminated. Because of the structural similarity between animal and

microbial rhodopsins, some scientists suggested that two protein fami-

lies may have evolved from the same progenitor, though the hypothesis

is still under debate.

Figure 1.2: The all-trans retinal in light-adapted bR isomerizes to 13-cis /
15-anti configuration upon absorption of a photon.

1.2 Protein structure

Proteins are linear polymers built from monomeric amino acids. Twenty

types of amino acids have been found in nature. Each amino acid

consists of a central carbon (Cα), a carboxyl group, an amino group

and a side chain (Figure 1.4 a). According to the chemical nature

of the side chains, amino acids could be classified into three different
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Figure 1.3: Structures of rhodopsins. a: N. Pharaonis halorhodopsin
bromine ion bound form (pHR, pdb id: 3QBK). b: bacteriorhodopsin (bR,
pdb id: 1IW6). c: sensory rhodopsin-II (SR2, pdb id: 1H68). d: squid
rhodopsin (squidRh, pdb id: 2Z73).
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classes: hydrophobic (alanine, valine, pheylalanine, proline, methio-

nine, isoleucine and leucine), charged (aspartic acid, glutamic acid,

lysine and arginine), and polar (serine, threonine, tyrosine, histidine,

cysteine, asparagine, glutamine and tryptophan). Glycine is an excep-

tional case because it has only a hydrogen atom as its side chain.

Figure 1.4: a) General structure of an amino acid in a polypeptide chain.
It consists of a carboxyl group, a amino group, a central carbon and a side
chain. b) Amino acids polymerized by forming a peptide bond between the
amino group of one residue and the carboxyl group of a neighboring residue.

During protein synthesis, amino acids are connected via peptide

bond, in which the carboxyl group of one amino acid reacts with the

amino group of the neighboring amino acid to eliminate water, forming

the protein main chain or backbone (Figure 1.4 b).

There are three levels of protein structure classification; namely

primary structure, secondary structure and tertiary structure. Primary

structure refers to the amino acid sequence of the protein polypeptide

chain, in which the end with a carboxyl group is called C-terminus

and the end with an amino group is called N-terminus. Each amino

acid in the protein polypeptide chain is numbered according to their
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position along the chain. The primary structure / amino acid sequence

of a protein is always presented from N-terminus (amino group end) to

C-terminus (carboxyl group end).

Secondary structure refers to the local structure formed by hydrogen

bonding between amine hydrogens and carboxyl oxygen atoms con-

tained in the main chains. There are two major types of secondary

structures: alpha helix and beta sheet. In alpha helix, carbonyl group

(C=O) of the nth residue forms a hydrogen bond with the amino group

(NH) of the (n+4)th residue (Figure 1.5). Each turn consists of 3.6

residues. In contrast to alpha helix which is built up from continuous

residues, beta sheet is built up from different regions of a polypeptide

chain. Several beta strands are aligned to form a planer sheet, in which

the carboxyl group of one beta strand forms a hydrogen bond with an

amino group in an adjacent beta strand.

1.3 Bacteriorhodopsin

In early 1970s, Oesterhelt and Stoeckenius reported their discovery

of photo-sensitive purple membrane in Halobacterium salinarum, an

archaeon that lives hypersaline lakes with extremely high concentration

of salt. According to their report, the purple membrane consists of

small patches of 0.5 µm diameter, occupying a half of the cell membrane

of Halobacterium salinarum. The result of SDS PAGE showed that

purple membrane of Halobacterium salinarum contains only one type

of membrane protein as major component [5, 6]. This protein was

named bacteriorhodopsin (bR), after the retinylidene protein found in

higher animals retinae – rhodopsin. The proton pumping ability of bR

and the role of converting light energy to an electrochemical energy for

ATP synthesis were also determined.

Since its discovery, bacteriorhodopsin (bR) has been extensively

studied for more than four decays. BR have attracted many researchers,

not only because bR has high stability (in both temperature and pH)

and can be easily produced in large quantities, but also because it is the

simplest known biological light-driven proton pump. More than twenty

molecular structures of bR at different states can be found in the pro-
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Figure 1.5: Structure of an alpha helix (the side chains are not shown). The
central alpha carbon atoms are labeled, nitrogen atoms are colored in blue
and oxygen atoms are colored in red. Hydrogen bonds are indicated with
orange dashed lines.
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tein data bank, including structures of the resting state and different

photo-intermediates, structures at various pH levels, and structures of

many bR mutants. Recently it was reported that a single residue mod-

ification (from Asp85 to Thr) can convert bacteriorhodopsin from a

light-driven proton pump into a light-driven chloride pump [7]; bacte-

riorhodopsin can also be converted into a sensory receptor by modifying

a few key residues [8].

1.3.1 General properties of bR

Bacteriorhodopsin is a membrane protein of 26 kDa, in the light-

adapted state of which the all-trans retinal is bound via a Schiff base

linkage to the ε-amino group of a lysine residue (Lys216) on helix

G. The absorption maximum of the light-adapted state of bacteri-

orhodopsin is at 569 nm (green light, i.e. bR is purple in color and

responsible for the characteristic purple color of H. salinarum).

The overall structure of bacteriorhodopsin at the light-adapted state

is shown in Figure 1.6, with the functionally important residues labeled.

Upon illumination, the retinal chromophore isomerizes from the all-

trans to 13-cis / 15-anti configuration initiating a cyclic reaction. In a

sub-millisecond time region after excitation, a proton attached to the

Schiff base is transfered to Asp85. In the next step, a proton trapped

at the proton-releasing group, which consists of a pair of glutamates

(Glu194 and Glu204) pointing towards each others, is released to the

extracellular surface. Then the cytoplasmic end of helix F and G tilts

and the channel connecting Asp96 and the Schiff base is widened to

accommodate several water molecules. The Schiff base regains a proton

from Asp96 through a water chain, and Asp96 receives a proton from

the cytoplasmic side afterwards. Finally a proton at Asp85 is transfered

to the proton-releasing group and the protein conformation relaxes into

the resting state.

In the dark, thermal isomerization of retinal from the all-trans to

the 13-cis / 15-syn configuration takes place, yielding a mixture of

the all-trans and 13-cis isomers (the dark-adapted state) (Figure 1.7).

Although both the all-trans and 13-cis isomers undergo their own pho-

tocycles, there is a branching reaction from the photocycle of the 13-
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Figure 1.6: Structure of bacteriorhodopsin (pdb id: 1IW6), with the residues
important for proton pumping activity labeled. Upon illumination, retinal
isomerizes and subsequently (1) a proton bound to the retinal Schiff base is
transfered to Asp85; (2) a proton at the proton releasing group is released
to the extracellular surface; (3) the Schiff base regains a proton from Asp96;
(4) Asp96 receives a proton from the cytoplasmic side; and (5) a proton
at Asp85 is transfered to the proton-releasing group and (6) the protein
conformation returns to the resting state.
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cis isomer to the all-trans isomer. As a consequence, the dark-adapted

state is rapidly converted to the light-adapted state under illumination.

On the other hand, thermal equilibrium between these two isomers is

slowly established in the dark, and bacteriorhodopsin in the fully dark-

adapted state contains a mixture of all-trans and 13-cis isomers in a

ratio of 1:1 – 1:2 [9].

Figure 1.7: Two retinal isomers found in the dark-adapted state of bR; one
of them takes on the all-trans/15-anti configuration, while the other takes on
the 13-cis / 15-syn configuration. Interconversion between the two isomers is
accompanied by the double isomerization around the C13=C14 and C15=N
bonds.

The structure of bacteriorhodopsin is also influenced by the pH

level. When the medium pH is decreased below pH 3, the absorption

peak is red shifted to 604 nm (i.e. it exhibits blue in color) [10]. In the

acidic blue form, the extracellular half of helix C moves towards helix

G; the extracellular halves of helices D, E and F are tilted away from the

center of the bR trimer; and the glutamate pair (Glu194 and Glu204)

in the proton-releasing complex points away from each other. These

structural changes were suggested to resemble the structural changes

observed in the formation of the O intermediate. At alkaline pH (> 10),

the overall structure of bacteriorhodopsin is basically conserved, but

significant changes can be seen at the proton-releasing complex. The

glutamate pair (Glu194 and Glu204) in the proton-releasing complex is

broken in such a manner that Glu194 turns upwards pointing at Tyr83,

and two additional water molecules are inserted between Glu194 and

Glu204.
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1.3.2 Molecular structure of ground state bR

Henderson and Unwin reported the first structural analysis on bacte-

riorhodopsin purple membrane by electron microscopy at 7 Å in 1975

[11]. Periodic structure with P3 symmetry was reported, with three

bacteriorhodopsin subunits sitting around a three-fold symmetric axis,

forming a trimeric structure. The seven transmembrane alpha-helical

segments in bacteriorhodopsin monomer were first revealed by ana-

lyzing electron micrographs of purple membrane sheets tilted from

the electron beam. Meanwhile, high-resolution X-ray crystallographic

studies of bacteriorhodopsin were reported in 1996 when the liqid cubic

phase crystallization method was introduced [12]. Resolution at 2.4 Å

was reported in 1997 [13], the resolution was then improved to 2.3 Å

in 1998 [14], 1.9 Å [12] and 1.55 Å [15] in 1999, and eventually to 1.43

Å in 2002 [16].

The structure of the unphotolyzed state of bacteriorhodopsin shows

that the cytoplasmic side of the proton-pumping channel is closed

tightly; there is only one water molecule (Wat601) in the cytoplas-

mic channel. In the extracellular side, on the other hand, the space

inside the channel is large enough to hold multiple water molecules.

In the extracellular vicinity of the Schiff base, water molecules form a

complex hydrogen-bonding network to stabilize the protonated Schiff

base. Asp85, Wat602, Asp212, Wat603 and Wat604 form a pentag-

onal hydrogen bonding network, where the Schiff base is connected

to Wat602. The hydrogen-bonding network further extends towards

the extracellular surface, being mediated by Wat604, Arg82, Wat606,

Glu204 and Glu194 of the proton-releasing complex (Figure 1.8). The

side chains of two glutamates, Glu194 and Glu204, in the proton re-

leasing complex are pointing towards each other. Our recent study on

archaerhodopsin-2, a homologue of bR, has suggested that they are

connected by a low-barrier hydrogen bond [17].

1.3.3 Proton pumping mechanism

An overview of bacteriorhodopsin structure is shown in Figure 1.6 with

the key residues for proton pumping function (Asp96, Lys216, Asp85,
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Figure 1.8: Hydrogen-bonding networks at the extracellular side of bacteri-
orhodopsin. a) Wat602, Asp212, Wat604, Wat603 and Asp85 form a pen-
tagonal hydrogen-bonding network; b) The hydrogen-bonding networks con-
necting the Schiff base to the proton releasing group (Glu194 and Glu204).

Arg82, Glu204 and Glu194) labeled. When illuminated by light, retinal

in the light-adapted state of bR isomerizes from all-trans configuration

to 13-cis / 15-anti configuration (Figure 1.2), initiating a series of struc-

tural changes (photocycle); the photo-reaction intermediates can be

distinguished by their absorption maximum, namely K590, L550, M410,

N560 and O640 (Figure 1.9). During the photoreaction cycle of bR, one

proton is transferred from the cytoplasmic side to the extracellular side

(i.e. a proton is pumped out from the cell).

A generally accepted scheme of the proton-pumping cycle of bR

is described as followed: Retinal isomerizes from all-trans to 13-cis

/ 15-anti configuration (rest → K → L), such that the N-H dipole

of the Schiff base flips from the orientation pointing towards the ex-

tracellular side to the orientation pointing towards the cytoplasmic

side. This orientation change disturbs the water molecule Wat602,

which is structurally important to stabilize the hydrogen network at

the extracellular side. The disruption of the hydrogen bonding net-

work accompanies significant changes in the pKa values of the Schiff

base and the nearby aspartate (Asp85), leading to reorientation of the

side chain of Arg82 towards the extracellular surface. The reorienta-

tion of Arg82 also causes the proton release from the proton-releasing
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Figure 1.9: A simplified scheme of the proton-pumping cycle of bacteri-
orhodopsin. After illumination, bR undergoes a series of structural changes
which can be identified by flash-induced absorption changes. The decay time
constant of each reaction state at neutral pH is shown on the arrow.
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complex (Glu194 and Glu204) to the extracellular space.

A large conformation change (outwards tilt of cytoplasmic half of

helix F, away from helix G) opens the cytoplasmic channel and allows

water molecules to form a proton transfer pathway between the Schiff

base and Asp96, by which the Schiff base regains a proton from Asp96

(M → N). Asp96 then regains a proton from the cytoplasmic side,

and the retinal re-isomerizes to all-trans configuration (N → O). The

deprotonation at Asp85 relaxes the twisted retinal, and the proton

releasing group regains a proton to complete the cycle. As a result,

one proton is pumped from cytoplasmic side towards the extracellular

side during the photo-cycle.

1.4 Homologous proteins of bacteriorhodopsin in

archaea

Since the discovery of the bacteriorhodopsin, a blast of homologs of bR

were discovered in different species of archaea. Up to date, more than

25 archaeal retinal proteins have been identified and their sequences

are available. Archaerhodopsin-2, -3 and cruxrhodopsin-3 are discov-

ered recently as the homologs of the well known bacteriorhodopsin.

Although the sequence identity of aR2 to bR is not high (55 %)(Figure

1.10), the sequence identity between aR2 and aR3 is high (86 %). All

of them function as light-driven proton pumps.

Archaerhodopsin-2, which was found in Halorubrum sp. aus-2, was

crystallized into a crystal belonging to space group C2221 by Enami et

al. in 2006 [18]. Later two different crystal forms (space group P321

and P6322) of aR2 were prepared by Yoshimura and Kouyama in 2006

[19]. More recently, we have obtained another crystal form (space group

H32) of aR2 that diffracts X-rays to 1.8 Å [17]. Interestingly, although

these crystal forms were grown under similar conditions, there is a sig-

nificant difference in the protein packing; namely, whereas the trimeric

assembly of aR2 is retained in the P321, P6322 and H32 crystals, it is

broken in the C2221 crystal.

Archaerhodopsin-3, a homolog of aR2 with high sequence identity

(86 %), was found in Halorubrum sodomense. Archaerhodopsin-3 is a
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powerful tool commonly used as neuron silencer in optogenetics, yet

very few structural nor absorption kinetics data about aR3 was re-

ported. The sequence identity of aR3 to bR is 61 %. Cruxrhodopsin-3,

a new member of the archaeal rhodopsin family, was found in Haloar-

cula vallismortis [20]. The sequence identity of cR3 to bR is low (54

%).

Structural analyses of homologous proteins of bR would allow us to

clarify the important structural motifs for the proton pumping activity.
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Figure 1.10: Amino acid sequences of bR, aR2, cR3, and aR3. The concerved
residues are shown in red, while key residues for proton pumping activity
are shown in bold style. The rectangles below the sequences indicate the
regions forming α-helices in bR.



Chapter 2

X-ray crystallographic study

The first protein crystal reported in history was a hemoglobin crystal

by Hunefeld in 1840 [21]. At that moment, crystallization of protein

was just a procedure to extract and purify protein. In 1912, X-ray

diffraction technique was first reported by Max Von Laue, who won

the 1914 Nobel Prize in physics. The first protein structure was pub-

lished in 1950s, and afterwards scientists started to put efforts on get-

ting structural information of biological macromolecules through X-ray

crystallography. The work on structure of myoglobin led in 1962 to the

award to Max Perutz and John Kendrew of a Nobel Prize in chem-

istry. Up to date, roughly 95,000 protein structures determined by

X-ray crystallography have been stored in Protein Data Bank (PDB)

[22], and more than 10 Nobel Prizes in chemistry or medicine have

been awarded to protein crystallographic studies including the recent

2012 Nobel Prize in chemistry awarded to Lefkowitz and Kobilka on

the study of G-protein-coupled receptors (GPCRs). Protein crystallo-

graphic technique is also utilized for drug design.

Membrane proteins play important roles in maintaining various bi-

ological activities, including membrane trafficking and environmental

sensing. It is estimated that about 30 percent of the gene codes cor-

respond to membrane proteins. More than half of the pharmaceutical

products target on membrane proteins. However, the importance of

membrane proteins did not make their molecular structures very well

studied. There are roughly 1,000 published reports of membrane pro-

17
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tein structures in the PDB up to 2014 1.

Generally, protein crystallographic studies on membrane proteins

are carried out according to the following processes: Expression of pro-

tein, extraction and purification of protein, crystallization, obtaining

diffraction data, building molecular model and refinement (Figure 2.1).

2.1 Expression, extraction and purification

Since crystallization requires a large amount of a target membrane

protein (in milligram quantities), proteins are sometime expressed in

another host cell (e.g. E. coli) to shorten the culturing time and in-

crease the yield of protein production. To produce a sufficient amount

of membrane protein, usually larger than 20 liter of culture solution

is prepared; after the cells are harvested, the target protein has to be

extracted and purified.

One of the main difficulties in studying the membrane proteins is

that membrane proteins are usually unstable once leaving the mem-

brane environment, so that the proteins become difficult to handle.

This problem is overcame by using mild detergents, which consist of a

polar head group and a hydrocarbon tail, to mimic the environment of

membrane.

2.2 Crystallization

Three major crystallization methods have been developed for crystal-

lization of membrane proteins; namely the lipid cubic phase method,

the lipid bicelle method and the membrane fusion method. In this

study, the membrane fusion method was used to crystallize cR3 and

aR3.

2.2.1 Lipid cubic phase method

Crystallization by the lipid cubic phase (LCP) method was first in-

troduced by Landau and Rosenbusch in 1996 [12]. This method is

1Stephen White Lab at UC Irvine, http://blanco.biomol.uci.edu/mpstruc/
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Figure 2.1: Flow chart of experimental procedures that are necessary for
protein crystallography.
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specifically designed for crystallizing membrane proteins. Under appro-

priate proportion of water, protein and lipid, three-dimensional lipid

array can be produced. Such matrices provide sites with membrane-like

environment for membrane proteins to nucleate and diffuse. Bacteri-

orhodopsin crystals with the size about 0.1 mm x 0.1 mm x 0.03 mm

were observed, and diffracted to 3.7 Å resolution, with a space group

P63 ( a = b = 62 Å, c = 108 Å; α = β = 90◦ and γ = 120◦). Diffraction

data at 2.4 Å resolution was reported in 1997 [23].

2.2.2 Lipid bicelle method

The lipid bicelle method was invented by Faham and Bowie in 2002

[24]. Unlike the LCP method, in the lipid bicelle method membrane

proteins were incorporated into bicelles (small bilayer disks of lipid /

amphiphile mixtures), the membrane proteins embedded bicelles sus-

pension was then mixed with precipitant solution in the well of sitting

drop apparatus and incubated at 37 ◦C. Bacteriorhodopsion crystals

belong to space group P21 (a = 45.0 Å, b = 108.9 Å, c = 55.9 Å,

β = 113.58◦) were observed, and diffraction data at 2.0 Å resolution

was reported. The outline of bicelle method is shown in Figure 2.2.

2.2.3 Membrane fusion method

The membrane fusion method was reported by Takeda et al. in 1998.

The main concept is shown in Figure 2.3; protein-rich membranes

were converted into vesicles by incubating at high temperature (32
◦C) with a small amount of detergent, after mixing with precipitant,

membrane vesicles condense and fuse to yield a three-dimensional crys-

tal. The introduction of the membrane fusion method has successfully

yielded high quality protein crystals including bacteriorhodopsin [25],

archaearhodopsin-1 and 2 [18, 26], cruxrhodopsin-3 [1], deltarhodopsin-

3 [27], halorhodopsin [28], and squid rhodopsin [29]. One advantage of

the membrane fusion method over the other two is that not much deter-

gent is used throughout the crystallization process, so that the struc-

tures of membrane proteins to be crystallized are not as much altered.

In both LCP method and lipid bicelle method, a step involving protein
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Figure 2.2: Schematic diagram of crystallization by the bicelle method.
Protein-rich membrane is re-constructed by mixing purified protein with
lipid / amphiphile mixture; and protein crystals are grown after mixing the
reconstructed bicelle with precipitant.
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solubilization is included. This step might alter the lipid distribution

around the protein. It has been reported that lipids play an important

role in stabilizing and supporting bacteriorhodopsins function [10, 30].

The importance of lipid composition to protein structure can be

illustrated by comparing the crystal structures of bacteriorhodopsin

yielded by these methods. The bR crystals grown by the bicelle lipid

method formed bR dimers as asymmetric unit; while the native trimeric

asymmetric unit with honeycomb-like lattice can be reporduced by the

bR crystals yielded by the membrane fusion method and LCP method.

On the other hand, the proton-releasing group, a paired structure of

glutamic acids (Glu204 and Glu194) that is maintained by a low barrier

hydrogen bond, was broken in some crystals of bR prepared by LCP

method; furthermore, the lipid components observed in the central

opening of the bR trimer in the crystals prepared by the membrane fu-

sion method were missing in the crystals prepared by the LCP method,

suggesting that native lipid components are important to stabilize the

native structure of bR.

2.3 Collection of diffraction data

2.3.1 Synchrotron radiation

X-ray is an electromagnetic wave with a frequency range from 3× 1016

Hz to 3 × 1019 Hz. Synchrotron is a circular device, in which charged

particles (usually negatively charged electrons or positively charged

positrons) circulate in a speed near to the speed of light. It is originally

designed as a particle collider in high energy physics research. The

charged particles are accelerated and stored in the storage ring; the

circulating charged particles accelerate towards the center of the ring

and therefore emit electromagnetic radiation. This byproduct of high

energy physics research was found to be very useful for biologists and

chemists in determining structures of macromolecules.

The main advantage of synchrotron radiation over the traditional

in-house X-ray tubes is that the synchrotron radiation has much higher

intensity (several orders of magnitude). The high intensity of X-ray

allows shorter illumination period and data collection from weakly
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Figure 2.3: Schematic diagram of protein crystallization by the membrane
fusion method. Purple membrane sheets are converted to vesicles by incu-
bating the membranes with a small amount of detergent at a high temper-
ature. Then vesicles are fused with one another, yielding a protein crystal
in which membranous structures are piled up.
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diffracting crystals or crystals with very large unit cells can be ben-

efited. However high intensity X-ray also increases the chance of X-ray

induced structural change (damage) of the proteins. Previous studies

have shown that the X-ray damage can be suppressed by cooling the

protein crystal to cryogenic temperatures[31], though specific damages

in local regions remain unavoidable even at a cryogenic temperature

[32].

Another advantage of synchrotron radiation over X-ray tubes is

that the wavelength of synchrotron radiation can be adjusted by using

a monochromator. In a X-ray tube, the electrons are emitted from the

cathode, accelerated by high voltage and reach the target anode at a

very high speed, and the high speed electrons bombard and eject the

electrons from the low-energy orbitals of the atoms in the anode. X-rays

are emitted when electrons transit from high-energy orbitals to low-

energy orbitals to fill the vacancies. The wavelength of X-ray emitted

is specific according to the anode material and cannot be tuned (e.g. x-

ray wavelength emitted by an X-ray tube which use copper as anode is

1.54 Å). On the other hand, free electrons (charged particles) traveling

in the synchrotron storage ring are not quantized and therefore, the

wavelength of emitted X-ray is variable and determined according to

the energy of the circulating charged particles and the applied magnetic

field (to accelerate the charged particles). Usually X-rays at 1 Å or even

shorter wavelength is used in protein X-ray diffraction experiments.

2.3.2 Data collection strategy

Crystal soaking and mounting

Protein crystals are soaked into the soaking solution with the envi-

ronment crystallographers are interested in (e.g. pH value, metal ion

or halide ion). A single crystal soaked in soaking solution is picked

up with a cryoloop, which is a nylon fiber loop attached on the tip

of a metal stick. The solution droplet stays in the cryoloop due to

the surface tension. During data collection of X-ray diffraction from

a protein crystal, cryogenic temperature is applied to reduce the X-

ray damage. It is, however, possible that ices form during the cooling
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process. Diffraction from ices interferes with the diffraction pattern of

protein crystal. The formation of large ice crystals can be prohibited

by adding cyroprotectant such as trehalose.

Rotation method

The diffraction pattern of a crystal is determined by the Bragg’s law.

The diffraction of X-rays is considered to be equivalent to X-ray reflec-

tion by the lattice planes with the crystal. The Bragg’s law is given

by
1

d
=

2 sin θ

λ
(2.1)

in which d is the distance between reflection planes, λ is the wave-

length of the incident X-ray, and θ is the angle of reflection. By using

Ewald’s sphere, we can illustrate the Bragg’s law in a three-dimensional

graphical space. The reciprocal space of a crystal is represented by a

reciprocal lattice, while the incident X-ray is represented by a wave

vector S. The Ewald’s sphere is a sphere with a radius equal to the

length of the incident ray wave vector and centered at the origin of the

crystal reciprocal lattice [circle in 2-D case (Figure 2.4 a)]. The Bragg’s

law is fulfilled when the reciprocal lattice point lies on the surface of

the Ewald sphere. As a result, diffraction beams pointing from the

center of the Ewald’s sphere towards the reciprocal lattice points that

lie on the surface of Ewald sphere can be observed (Figure 2.4 b).

Figure 2.4: a) Ewald construction. b) Schematic diagram for prediction of
X-ray diffraction pattern.
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The number of the diffraction points that can be detected depends

on the density of reciprocal lattice point (i.e. the size of the unit cell)

and the radius of the Ewald sphere (the length of wave vector 1/λ).

The size of unit cell of protein crystal is usually much larger than the

wavelength of the applied X-ray, only several reciprocal lattice points

lie on the surface of the Ewald sphere, i.e. a very few diffraction points

can be detected for a crystal mounted at a random orientation. In

precession photography, the crystal and the camera are fixed when a

photograph is taken and therefore, an alignment process is needed so

that maximum number of the diffraction spots can be observed.

In the rotation photography, on the other hand, a single crystal

is rotating around the spindle axis while a photograph is taken. Be-

cause the reciprocal lattice follows the rotation of the crystal in real

space, the surface of Ewald sphere sweeps through a reciprocal lat-

tice plane, generating a series of diffraction spots. A typical example

of photographs taken in rotation photography is as shown in Figure

2.5; the nearly circular concentric pattern is called lune, and each lune

arises from a single plane of reciprocal lattice. As diffraction spots in a

single rotation photograph are partially recorded, their full intensities

are recorded by rotating the crystal over a large rotational angle.

2.4 X-ray diffraction

2.4.1 X-ray diffraction by a crystal

When electromagnetic waves collide with an atom, the electromagnetic

wave exerts a force on a charged particle (electrons and protons), caus-

ing it to oscillate with the same frequency as the incident ray. The os-

cillating charged particle acts as a secondary source of electromagnetic

wave (However, protons are tightly bound in nucleus with neutrons and

the mass to charge ratio of proton is much larger than that of electrons,

the contribution by proton is negligible). X-ray diffraction experiments

provide structure information by measuring the interference pattern of

the scattered X-ray.

The intensity of X-rays scattered to a certain direction is determined

by the interference of the X-rays scattered by many electrons within
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Figure 2.5: A 1◦ rotation photo of cR-3 taken at beamline BL38-B1 in
SPring-8. Diffraction spots arising from different reciprocal lattice planes
are observed in different lunes marked with different colors.
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the crystal. Figure 2.6 shows a two-electrons system, where the path

difference p + q depends on the relative position of two electrons (r)

and the direction of diffraction (2θ). The path difference is p + q =

λ · r · (s0 − s), where s0 and s are the wave vectors of incident and

scattered waves respectively. The phase difference is

2πr · (s0 − s) · λ
λ

= 2πr ·∆S (2.2)

with |∆S| = 2 sin θ/λ

Figure 2.6: Scattering of X-ray by a two-electron system. The path differ-
ence between the two scattered waves is p+ q.

The distribution of electrons of an atom are described by an electron

density ρ(r). The atomic scattering factor f is the Fourier transform

of the electron density. i.e.

f =

∫
r3
ρ(r) exp(2πir · S)d3r (2.3)

The atomic scattering factors of different atoms can be looked up in

tables, in which f is expressed as a function of |S| = 2 sin θ/λ. The

wave scattered by an atom is given by

fi = fi exp(2πiri · S) (2.4)
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For a unit cell with n atoms, the total scattering is then

F(S) =
n∑
i=1

fi exp(2πiri · S) (2.5)

where F(S) is called the structure factor as it reflects the configuration

of the atoms in the unit cell.

The scattering by a crystal is the sum of the scattering of X-rays

from all unit cells within it. Consider translation vectors a, b and c

and assume that the position vector of all unit cells can be expressed

as t ·a+u ·b+v ·c, where t, u, and v are integers. The total scattering

is

K(S) = F(S)×
n1∑
t=0

exp(2πita·S)×
n2∑
u=0

exp(2πiub·S)×
n3∑
v=0

exp(2πivc·S)

(2.6)

with n1, n2 and n3 are the numbers of unit cells along a, b, and c direc-

tions, respectively. Since n1, n2 and n3 are very large, the summation∑nj
t=0 exp(2πita ·S) is zero unless a ·S is an integer (usually labeled as

h, k and l), i.e. when exp(2πita · S) is equal to 1. This condition is

known as Laue diffraction conditions,

a · S = h (2.7)

b · S = k (2.8)

c · S = l (2.9)

in which h, k, and l are integers (either positive, negative or zero).

2.4.2 The temperature factor (B-factor)

The atoms in a crystal vibrate around its equilibrium position at non-

zero temperature. As a result, there may be a slight difference in the

relative positions of the equivalent atoms in successive unit cells. The

atomic scattering factor of the atom is multiplied by a temperature

factor to descript this phenomenon. When the vibration is isotropic

(i.e. same magnitude in all directions), the temperature factor is given
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by

T (iso) = exp

[
−B sin2 θ

λ2

]
(2.10)

with B as the thermal parameter that is proportional to the mean

square displacement ū2 of the atom vibration.

B = 8× π2 × ū2 (2.11)

In protein crystallography the temperature factor (B-factor) can also

be increased by the static disorder of the protein structure; i.e. when

the protein consist of more than one configuration. For example, B-

factor of the Cα atoms of cR3 crystal structure is shown in figure 2.7.

The B-factors of Cα atoms of the helices regions is significantly lower

than that of the flexible loop regions.

Figure 2.7: The B-factor of Cα atoms of cR3. Residues forming α helices
are more stable and thus their Cα atoms have low B-factors.

The static disorder effect cannot be distinguished from the dynamic

disorder caused by thermal vibration unless diffraction data at differ-

ent temperatures are collected. The diffraction pattern fades away at

certain diffraction angle θmax due to the disorder of the crystal, the

resolution of the diffraction pattern is defined as the lattice distance

dmin

dmin =
λ

2 sin θmax
(2.12)
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The accuracy of the structure increases as the value of resolution de-

creases.

From diffraction pattern to electron density ρ(x,y, z)

The intensity of the diffracted X-ray is proportional to the magnitude

of the square of the structure factor |F(S)|2, in which the structure

factor F(S) is a function of the electron density distribution in the unit

cell.

F(S) =

∫
V

ρ(r) exp(2πir · S)dV (2.13)

where V is the volume and ρ(r) is the electron density distribution of

the unit cell. By rewriting the coordinate as fraction coordinate of the

unit cell (x, y, and z, such that dV = V dxdydz), and by the Laue

diffraction condition,

r · S = hx+ ky + lz (2.14)

we have,

F(hkl) = V

∫ 1

x=0

∫ 1

y=0

∫ 1

z=0

ρ(x, y, z) exp(2πi(hx+ ky + lz))dxdydz

(2.15)

The structure factor F (hkl) is the Fourier transform of the electron

density. By reverse Fourier transformation, we can obtain the electron

density as:

ρ(xyz) =
1

V

∑
h

∑
k

∑
l

F(hkl) exp [−2πi(hx+ ky + lz)] (2.16)

The integration is replaced by summation over all Miller indexes (h,

k and l) because the diffraction pattern is discrete according to Laue

diffraction condition. Although the value of F can be determined from

the intensity I(hkl) = |F(S)|2, the phase angle of the structure fac-

tor (exp(iα)) cannot be observed directly from the diffraction pattern.

To determine the phase information, indirect methods were developed,

namely the molecular replacement method and isomorphous replace-

ment and so on. In this study the molecular replacement is used, in
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which priori information of a homologous structure is used to deter-

mine the phase information. A brief introduction on the molecular

replacement method is as followed.

2.4.3 Molecular replacement method

For the proteins with any homologous protein in which its structure

has already been determined, the simplest way to determine the phase

information is by the molecular replacement method. The molecular

replacement method ’borrows’ the phase information of the homologous

protein as the initial phase of the structure factor F (hkl) for further

refinement. The molecular replacement involve of two steps: rotation

and translation. In the rotation step the orientation of the unknown

structure is rotated to match the orientation of the reference structure.

In the translation step two structures are superimposed.

Patterson function

The Patterson function is a Fourier transform of intensities of the

diffraction pattern. It can also be shown that Patterson function is

equal to the convolution of electron density with itself.

P (u) =
1

V

∑
S

|F(S)|2 exp [−2πiu · S] =

∫
r

ρ(r)× ρ(r + u) (2.17)

in which V is the volume of unit cell and the integration is for r over

all positions in the real unit cell.

From equation 2.17 it is expected that ρ(r)× ρ(r + u) is significant

only when u is a vector connecting two atoms (both from atom 1 to

atom 2 and vice versa). Patterson function provides information of the

relative position of atoms. Depending on the atoms to be considered,

Patterson map can be divided into two regions: if the atoms connected

by u is within the same molecule, they are called self-Patterson vectors;

the vectors connecting intermolecular atoms are called cross-Patterson

vectors. For the same molecule in different crystal forms, the inner

region of Paterson map (i.e. the self-Patterson vectors region) should

be the same apart from a rotation difference (that of homologous pro-
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teins is not equal but similar); from the cross-Patterson vectors we can

derive the translation required to move the molecules to their correct

positions.

Rotation

For an atom at position u, if we rotate it while keeping the same origin,

the new position is related to the original position by a rotation matrix

[C], i.e. ur = [C] u. Applying the rotation matrix [C] to the Patterson

function P (r) gives the rotated Patterson function Pr(rr).

Pr(ur) =
1

V

∑
h

|F(h)|2 exp [−2πihur] (2.18)

Since ur = [C] u,

Pr(ur) =
1

V

∑
h

|F(h)|2 exp [−2πih [C] u] (2.19)

rewrite h [C] as [C−1] h and h as [C] h′, we have

Pr(ur) =
1

V

∑
[C]h

|F([C] h)|2 exp [−2πihu] (2.20)

The overlap function R is defined as followed:

R =

∫
U

P (u1)Pr(u1r)du1 (2.21)

where U is the volume of self-Patterson map. The overlap function

gives maximum value when the rotation is optimized.

Now

R =
1

V 2

∑
h

∑
h′

|F(h)|2|F([C] h)|2
∫
U

exp [−2πi(h′ + h)u] du (2.22)

The integral part can be written as U/V |G [−(h + h′)], if we further

assume that the protein molecule U has a spherical volume, then

G =
3(sin 2πx− 2πx cos 2πx)

(2πx)3
(2.23)
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in which x is (h + h′) · r. G has a maximal value when −h = h′ and it

drops rapidly when h′ moves away from −h. i.e. Only the terms when

h′ is close to −h contribute to the sum significantly. This property

reduces the number of terms in the summation as well as computation

time.

Translation

In the rotation step the orientation of the model molecule is rotated

around axises through the origin. To give the final solution, the molecule

must be translated in the real space to explain the observed diffraction

data. In the translation step the translation vector t is to be deter-

mined by considering the cross-Patterson. The translation vector is

defined according to the symmetry axis of the crystal, i.e. it is not

necessary to calculate the translation function for a crystal belonging

to space group P1, in which no crystallographic symmetry exists and

we can choose any position in a unit cell as the origin. The translation

function is defined as equation 2.24.

T (t) =

∫
V

P1,2(u, t)× P (u)du (2.24)

in which P1,2(u, t) and P (u) are the computed Patterson map and

observed Patterson map respectively. The translation function has a

maximal value when the intermolecular vector t is equal to the true

intermolecular vector t0. It can be shown that the translation function

can be expressed as

T (t) =
∑
h

|Fobs(h)|2 · FM(h) · F∗M(h · [C]) exp [−2πih · t] (2.25)

with FM(h) and Fobs(h) is the structure factor of the model molecule

and that of observed data respectively.
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2.5 Refinement

After the molecular replacement process an approximate model of crys-

tal structure can be obtained. Although some biological insight could

be obtained by this approximate model, the crystal structure at this

stage is usually too rough to be trusted. The agreement of the con-

structed model and observed data is defined by the R-factor.

R =

∑
hkl ||Fobs| − k|Fcalc||∑

hkl |Fobs|
× 100% (2.26)

where k is a scale factor for the intensity. The R-factor is 59 % for

a model with randomly positioned molecules [33], while a typical well

refined crystal structure of membrane protein crystal has R-factor of

around 20 %.

2.5.1 Least squares method

The goal of least squares method is to minimize the weighted sum of

the difference between observed and calculated structural factors:

Q =
∑
hkl

w(hkl)(|Fobs(hkl)| − |Fcalc(hklu)|)2 (2.27)

where w(hkl) is the inverse square of the standard deviation; u are

atomic parameters that determines |Fcalc|. This can be done by setting

∂Q/∂ui = 0, i.e.

∑
hkl

(|Fobs| − |Fcalc|)
σ2

∂|Fcalc|
∂ui

= 0 (2.28)
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Expand Fcalc by Taylor series with a small change of one of the atomic

parameters ∆uj = uj1 − uj0, we have

∑
hkl

(|Fobs| − |Fcalc(u0)|)
σ2

×
[
∂|Fcalc(u)|

∂uj

]
u0

−
∑
i

∆ui
∑
hkl

1

σ2

[
∂|Fcalc(u)|

∂ui

]
u0

×
[
∂|Fcalc(u)|

∂uj

]
u0

= 0 (2.29)

in which we take the first two terms of the Taylor expansion. Now

there are n equations (in which n is the number of the parameters to

be refined), with each equation containing n variables (u1 to un). The

solution (final set of [ui] such that Q is minimum) can be generated by

iteration.

2.5.2 Rigid body refinement

In the least squares method we assume that every atomic parameters

are independent and thus we refine each of them individually. In the

rigid body refinement, instead of refining the atomic parameters of each

atom in the unit cell, constraints are applied to keep some domains in

the molecule to be refined as a rigid body. The parameters of the con-

straints are now to be refined and the entire structure of each domain

is considered as a rigid body.

Rigid body refinement is usually done as the first step in the refine-

ment procedures, after the initial structure is generated by molecular

replacement method.

2.5.3 Simulated annealing

In the least square method the refinement can be easily trapped into a

local minimum if the initial model is too far from the real structure. To

avoid getting a pseudo-structure calculated from the local minimum,

a refining method that allows searching both uphills and downhills is

required. Simulated annealing (or Molecular Dynamics) method meets
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this requirement by providing an initial velocity to each atom at the

beginning, and simulating the dynamic behavior of the system.

At certain temperature, multiple numbers of structure orientations

are allowed. The structure ensemble follows the Boltzmann distribution

N = exp [−εp/kT ], in which k is the Boltzmann constant and T is

the absolute temperature. The potential energy of the structure is

approximated by

εp = Ebond+Ebondangle+Etorsion+Edihedral+EvanderWaals+Eelectro (2.30)

with Ebond is the potential energy of a bond, Etorsion is the potential

energy of bond angle, and Etorsion is the torsion energy around a bond.

These potential energies are approximated by harmonic oscillators in

the form of E = 1
2
K(b− b0)2, in which K and b0 can be determined by

vibration spectra of small molecules. The energy of a dihedral angle is

given by:

Edihedral = Kθ(1 + cos(mθ + δ)) (2.31)

in which θ is the rotation angle, δ is a phase angle and m is an integer

reflecting the rotation frequency. The van der Waals interaction is

given by:

EvanderWaals =
A

r12
+
B

r6
(2.32)

Eelectro is the electrostatic potential which can be calculated as:

Eelectro =
∑ qi × qj

4πε0εrrij
(2.33)

In simulated annealing method each atom is assigned with an initial

velocity derived from Maxwell-Boltzmann distribution with a preferred

temperature. For each atom i, a force ∂εp/∂ri is acting on the atom

such that the atom will have an acceleration m−1i ∂εp/∂ri; so atoms

move according to their initial velocities and accelerations for a very

short period (e.g. 1 femtosecond) and the new potential energy distri-

bution is calculated by the new position of the atoms. The process is

repeated until a minimum εp is reached.
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Figure 2.8: The potential energy of a molecular structure depends on the
bond lengths, bond angles and dihedral angles between atoms.



Chapter 3

Method and Materials

3.1 Protein crystallization

To conduct a crystallographic study, one must obtain a high quality

crystal of the target protein. The crystallization process is briefly sepa-

rated to several steps: plasmid construction, culturing, protein extrac-

tion and purification, as well as crystallization. Plasmid construction

produces a strain that produces the target protein at an efficient rate.

Then a large amount of cells could be produced through culturing step.

After harvesting the cells, the targeted protein was extracted and pu-

rified (e.g. by chromolography or washing with detergent), and protein

crystals were produced afterwards. In this section, crystallization pro-

cesses of aR3 as well as cR3 will be introduced.

3.1.1 Plasmid construction

Cruxrhodopsin-3 was expressed in a bR-deficient strain of Halobac-

terium salinarum (MPK 409). Briefly, a bop gene fragment in the

vector pMPK85 [34] was cloned into the vector pUC18∆NdeI and, af-

ter introducing a NdeI site at the start codon of the bop gene, the 700

bp NdeI-NotI fragment was substituted with the synthetic adaptor

5’-CATATGCTCGAGGAGATCTGAGCGGCCGC. The BamHI frag-

ment in the modified vector was cloned into the BamHI site of pMPK85,

producing a vector pKI72. Using Haloarcula vallismortis genome as a

template, the cruxopsin-3 (cop3 ) gene fragment was amplified using

39
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the polymerase chain reaction with the two primers CATATGGCCG-

CAACAGTTGGCCCA and CTCGAGTCAGGTCGGGGCAGCCGT-

CGG, and cloned into pKI72 at NdeI and XhoI sites. The vector with

the cop3 gene was transformed into the strain MPK409 [35]. Complete

substitution of the ura3 gene of the strain MPK409 with the cop3 gene

was achieved by positive selection with simvastatine and negative se-

lection with 5-FOA [36].

Archaerhodopsin-3 was extracted from the cell membranes of the

wild type Halorubrum Sodomense.

3.1.2 Mass Culture

In the mass culture of Halorubrum Sodomense, each liter of the culture

medium contained 125 g of NaCl, 160 g of MgCl2•6H2O, 0.13 g of

CaCl2•2H2O, 5 g of K2SO4, 1 g of polypepton (Nihon Pharm. Co.)

and 1 g of yeast extract (BD).

In the mass culture of Halobacterium salinarum (MPK 409), each

liter of the culture medium contained 250 g of NaCl, 2 g of KCl, 20 g

of MgSO4•7H2O, 10 g of peptone (Oxoid), 10 g of Na-DL-Malate and

50 mg of Uracil.

The culture medium was adjusted to pH 7 by sodium hydroxide and

sterilized by autoclave (121◦C, 20 minutes); after the autaclave, 1 ml

of micro-nutrient (per 100 ml: ZnSO4•7H2O 0.1 g, MnCl2•4H2O 0.03

g, H3BO3 0.3 g, CoCl2•6H2O 0.2 g, CuCl2•2H2O 0.01 g, NiCl2•6H2O

0.02 g, Na2MoO4•H2O 0.03 g) was added to each liter of the culture

solution. In the case of Halorubrum Sodomense, 2 g of starch dissolved

in hot water was also added after the autoclave.

Halobacteria grown in a pre-cultural solution were added to the cor-

responding mass culture solution (10 – 20 L) and were then incubated

at 38 ◦C with adequate aeration and under constant illumination with

fluorescent lamp; 1 ml of antifoam A (Sigma) was added to prevent

foam formation. The cultural solution turned milky after incubated

for 2 weeks. Cells were harvested 1-2 days after the absorbance at 600

nm reached a saturation level.

For culture of halobacteria on an agar plate, 2 g of agar was dissolved

per 100 ml of the culture solution and solidated at room temperature.
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3.1.3 Preparation of cR3-rich claret membrane

The protein-rich claret membrane was isolated by the method accord-

ing to the procedure reported by Oesterhelt and Stoekenius [5]. The

cultured cells were harvested by centrifugation at 8,000 rpm for 20

minutes (Rotor: R9A; Centrifuge: Hitachi himac CR20GII), and the

pellets were then suspended in 4 M sodium chloride (or 3 M potassium

chloride) solution with 1 mg of Deoxyribonuclease I (DNase I, Sigma-

Aldrich, D5025) per 10 g of cells collected. After stirring at room

temperature for about 30 minutes, the mixture was then frozen in a

deep freezer at -80 ◦C. After that, the sample was thawed and stirred

at room temperature for 1 hour. This freeze-thaw process was repeated

3 times. The freeze-thawed sample was then collected by centrifuging

at 27,000 rpm for 30 minutes (Rotor: Hitachi Koki P45AT; Centrifuge:

Hitachi Koki CP65β) and resuspended in 3 M KCl, and this washing

process was repeated 3 times. The washed claret membrane was then

further washed with deionized water (38,000 rpm, 30 minutes) and this

washing was repeated until the supernatant become clear.

3.1.4 Concentration estimation

The concentration of the target membrane protein (cR3 or aR3) in a

purified sample solution was estimated from the absorption spectrum

using the following equation:

C = ODλ
MW

ελ
(3.1)

With ODλ is the absorbance at the absorption maximum of the vis-

ible band of retinal, MW is the molecular weight of the opsin (aR3:

28 kDa; cR3: 26 kDa) and ελ is the extinction coefficient of the reti-

nal chromophore. The concentrations of aR3 or cR3 were estimated

on the assumption that the extinction coefficients of the retinal chro-

mophores in aR3 or cR3 are the same as that determined for bR (64,000

M−1cm−1).



CHAPTER 3. METHOD AND MATERIALS 42

3.1.5 Tween 20 treatment

Partial delipidation of crude claret membranes was performed by Tween20

treatment [37]. The claret membrane isolated from the cell membrane

was mixed with a solution containing 0.1 M NaCl, 0.1 M HEPES (pH

8) and 0.3 % Tween 20, and the final concentration of claret mem-

brane was adjusted to 1 mg/ml. The mixture was then incubated for

1 hour at room temperature. After that, the claret membrane was

washed with deionized water for 2 times (Rotor: P45AT; 30,000 rpm,

30 minutes.)

3.1.6 Crystallization

A high concentration of claret membrane (≥ 3 mg/ml) was mixed with

a solution containing detergent, salt (ammonium sulfate), pH buffer

and NaN3. The salt concentration was then gradually increased by

the sitting drop vapor diffusion method (Figure 3.1) using 2.5 – 3.2 M

ammonium sulfate as a reservoir solution. The crystallization condition

in which high quality crystals were grown is listed in Table 3.1.

aR3 cR3

Protein mixture
Nonylglucoside (NG) 5 mg/ml
Octylthioglucoside (OG) 1 mg/ml
Sodium citrate (pH 4) 0.04 M
HEPES (pH 7) 0.04 M
Ammonium sulfate 1 M 1 M
Sodium chloride 0.08 M 0.08 M
Sodium azide 0.04 M 0.04 M

Reservoir Solution
Ammonium sulfate 1.8 - 2.2 M 2.2 - 2.8 M
Sodium citrate (pH 4) 0.1 M
HEPES (pH 7) 0.1 M

Table 3.1: Crystallization condition yielding high quality crystals. CR3
crystals were grown during incubation at 15 ◦C for ∼1 month, and aR3
crystals were grown during incubation at 20 ◦C for 2 months.
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Figure 3.1: Schematic diagram of sitting drop diffusion method. Composi-
tion of protein mixture and reservoir solution are shown in Table 3.1. The
cover glass was sealed with paraffin oil to prevent leakage of vapor. Concen-
tration of protein and precipitant in the drop increase gradually as the drop
and reservoir equilibrate.

3.2 Electron microscopy

The claret membrane structure can be studied by cyo-electron micro-

scope as described by Kouyama et al. [38]. The claret membrane sus-

pended in deionized water was mounted on a carbon-coated grid. The

sample was flash-cooled with liquid propane at its melting tempera-

ture after removing the excess water. Cyo-electron micrographs were

recorded with a CCD camera (Gatan SC200D) installed in a JEM2010

(Jeol) electron microscope.

3.3 Measurement of absorption kinetics by flash

photolysis

In order to determine the reaction kinetics of the retinylidene proteins,

absorption changes induced by green laser pulses were tracked at vari-

ous wavelengths.
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3.3.1 Experimental setup

The flash-photolysis experiment was set up as shown in Figure 3.2; a

sample container was placed at the intercept between the laser beam

and the measuring beam. An Nd-YAG laser (Quantel Ultra) producing

light pulses at 532 nm and with pulse duration of 3 ns was connected

to a function generator by which the timing of laser pulse is controlled.

A xenon lamp (Hamaphotonics E7536, Hamamatsu photonic, Japan)

was used as the light source for measuring beam and the wavelength

of measuring beam was selected by a monochromator (Jobin Yuvon

H29V) placed between the light source and the sample corvette. The

transmitted light through the sample solution was detected by a pho-

tomultiplier tube and its output signal was amplified and sent to a

digital oscilloscope (LeCroy Wavesurfer 422). Another monochroma-

tor, the wavelength scanning of which synchronizes with that of the

other monochromator placed between the xenon lamp and the sample,

was placed before the photomultiplier tube to keep the record signal

clean from scattering components of actinic light pulses (by the quartz

container or sample). Digital signal from the function generator was

also fed to the oscilloscope to trigger the recording of light-induced

absorption changes.

3.3.2 Data collection and analysis

Flash-induced absorption changes in the wavelength region ranging

from 390 nm to 680 nm were measured with 10 nm interval (the mea-

surements at 530 nm and 540 nm were omitted as the measuring light

was attenuated by a notch filter at 534 nm that was inserted to block

scattered actinic light). At each wavelength, about 1000 signal record-

ings were performed and their averaged signal was used for analysis.

Absorbance change after stimulation was calculated by subtracting

the average absorbance before the triggering from the absorbance at

time t. The data set was then reduced by singular value decomposi-

tion (SVD), and the apparent rate constants (kr) were determined by

fitting the truncated data with a sum of multiple exponential decay
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Figure 3.2: Schematic diagram of flash photolysis experiment. L: Pulse laser;
PMT: Photomultiplier tube; OC: Oscilloscope; S: Sample; MC monochro-
mator; XL: Xenon lamp.
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components.

Ae
−t
τ1 +Be

−t
τ2 + Ce

−t
τ3 + ... (3.2)

The original data matrix was then reconstructed by minimizing the dif-

ference f between the actual data and the sum of weighted exponential

with these time constants

f =

nλ∑
i

nt∑
j

∆Ameasured(λi, tj)−
nλ∑
i

[
nt∑
j

Ar(λi)e
−krtj − A0(λi)

]
(3.3)

Where Ar(λi) are the absorption coefficients of the reaction state r at

wavelength λi. The absorption change due to the reaction transition

corresponding to each time constant can be determined by plotting the

absorption coefficient against wavelength.

3.4 Blue native page

In this study, we performed modified native polyacrylamide gel elec-

trophoresis (BN-PAGE, [39]) to study the stability of protein-lipid com-

plex. The BN-PAGE consist of a stacking gel and separating gel, the

composition of which is shown in Table 3.2. The separating gel was

first poured inside a narrow space between two glass plates, and iso-

propanol was added to flatten the top surface of the separating gel.

The gel was allowed to sit for around 30 minutes at room temperature,

and then the top of the separating gel was rinsed with deionized water.

The stacking gel was then poured on the top of the separating gel, and

a comb was inserted to produce wells for sample loading. The gel was

then placed at room temperature for around 1 hour before use.

The electrophoresis was run at 4 ◦C, with applied voltage of 180 V

for 100 minutes. The cathode buffer consisted of 15 mM of Bis-tris, 50

mM of tricine and 0.02 % of coomassie blue G250. The anode buffer

consisted of 50 mM of Bis-tris, and was adjusted to pH 7 by HCl.
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4 % Stacking Gel (600 µl)

Gel buffer 200 µl
30 % Acrylamide 80 µl
10 % Nonylglucoside 10 µl
10 % Ammonium persulfate (APS) 8 µl
Tetramethylethylenediamine (TEMED) 0.8 µl
Deionized water 300 µl

15 % Separating Gel (3600 µl)

Gel buffer 1200 µl
30 % Acrylamide 1800 µl
10 % Nonylglucoside 72 µl
10 % Ammonium persulfate (APS) 9 µl
Tetramethylethylenediamine (TEMED) 0.9 µl
Deionized water 520 µl

Table 3.2: Salt composition in the stacking and separating gels. The running
buffer consists of 150 mM Bis-tris and 200 mM ε-aminocaproic acid.

3.5 Diffraction data collection, scaling and refine-

ment

3.5.1 Diffraction data collection

X-ray diffraction data were collected at beamline BL38B1 in SPring-

8 (Figure 3.3). Protein crystals to be studied were kept at 100 K

(−173◦C) to reduce X-ray damage. The crystal was then exposed to

monochromic X-ray beam of wavelength 1.0 Å, at the X-ray flux rate of

about 2×1012 photons /mm2/sec. Each diffraction image was recorded

with an oscillation range of 1 degree.

Figure 3.3: a) SPring-8 and b) Beamline BL38B1
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3.5.2 Index and scaling

Indexing and integration of diffraction data were carried out by MOS-

FILM 6.1 [40]. The scaling of data was accomplished using SCALA in

the CCP4 program suite [41]. Structure analysis was performed with

CNS [42] and XtalView [43].

3.5.3 Refinement

To build a structural model of cR3, we chose the previously determined

structure of bR (pdb entry: 1IW6 [44]) as the initial model. The struc-

tural model of bR was modified by Swiss-Model [45], by which non-

conserved residues between bR and cR3 were automatically replaced,

and the whole part of the modified polypeptide was used as an in-

put model for the molecular replacement analysis [46] (The root mean

square deviation between the input model and the final model of cR3 is

0.64 Å for 193 Cα atoms). After a rotational and translational search-

ing with MOLREP, retinal, water and lipid molecules were added and

the protein conformation was modified manually on the ground of the

2Fo − Fc map. Subsequent refinements including simulated annealing

and individual B-factor refinement resulted in significant decreases in

Rcryst and Rfree values as shown in Table 4.1.
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Result

4.1 Spectroscopic properties of archaeal

proton-pumping rhodopsins

After aR3-rich or cR3-rich claret membranes were purified by repeat-

edly washing the cell membranes with deionized water, their spectro-

scopic properties were investigated at various pH levels. The absorption

spectra of aR3 and cR3 in claret membranes are shown in Figure 4.2

and Figure 4.3, respectively. The absorption spectra of these claret

membrane are characterized by three fine peaks at 475, 505 and 541

nm, which are due to the vibrionic bands of the carotenoid bacterioru-

berin (Figure 4.1) as reported for aR2-rich claret membrane [18]. The

visible absorption band of retinal can be recognized as a shoulder in

the red region, yet it is difficult to analyze its exact profile due to a

high content of bacterioruberin in claret membrane.

OH

OH

OH

OH

Figure 4.1: Chemical formula of a bacterioruberin.

49
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It has been reported that when bacteriorhodopsin (bR) is placed

in the dark for a long period, a thermally stable isomer state of bac-

teriorhodopsin containing 13-cis / 15-syn retinal is generated [9]. The

13-cis isomer contained bR dark-adapted state exhibits a blue shifted

absorption maximum (λmax ∼ 550 nm) [47]. In cR3 and aR3, similar

absorption changes were observed during the incubation in the dark

(Solid-line of Figure 4.3 and red line of Figure 4.2). The profile of the

difference absorption spectra associated with the light-/dark-adaption

of cR3 and aR3 are very similar to that observed for bR.

Figure 4.2: Absorption spectra of aR3 in claret membrane suspended in
an aqueous solution. Upper panel: Difference spectrum associated with the
light-adaption of aR3. Lower panel: Absorption spectra of the light-adapted
state (blue line) and dark-adapted state (red line) of aR3.
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Figure 4.3: Absorption spectra of cR3 in claret membrane suspended in
an aqueous solution. Upper panel: Difference spectrum associated with the
light-adaption of cR3. Lower panel: Absorption spectra of the light-adapted
state (dash line) and dark-adapted state (solid line) of cR3.
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4.2 Flash-induced absorption kinetics

4.2.1 Photoreaction of cR3

Figure 4.4 shows the flash-induced absorption changes observed for

cR3-rich claret membranes, which were suspended at pH 8.0 and ex-

cited with light pulses of 532 nm. In the investigated time region (0.001

– 500 ms), the absorption kinetics changes were fitted with four expo-

nential components (P1, P2, P3 and P4). The difference absorption

spectrum associated with the P1 component (τ1 = 0.031 ms) exhibits

a positive peak at 590 nm and a negative peak at 410 nm. This com-

ponent was suggested to correspond to the transition from the K state

to the M state. The difference spectrum associated with the P2 com-

ponent (τ2 = 0.341 ms) exhibits a positive peak at 410 nm, which

corresponds to the decay of the M state, and a negative peak at 560

nm which is attributable to the rise of N state, i.e. the P2 component

represents the M-to-N transition; At first glance, the difference spec-

trum associated with the P3 component (τ3 = 0.854 ms) looks similar

to the P2 component, with a positive peak of 410 nm and a negative

peak of 590 nm. Meanwhile, another negative peak was also seen at

650 nm, this peak can be explained by supposing that the lifetime of

N becomes much longer than that of O state, and the negative peak

reflects the influence of the decay process of O state. The difference

spectrum associated with the P4 component (τ4 = 10.5 ms) exhibits a

negative peak of 580 nm, which is the same as the difference spectrum

between the long N state and the resting state of bR [48].

The absorption kinetics for cR3 at different pH levels (6.0 – 9.0)

are shown in Figure 4.5. The absorption kinetics at pH 9 is similar

to that at pH 8. Noticeable differences can be observed in the early

stages of the photo-cycle at or below pH 7. At pH 7, the absorption

kinetics changes were fitted with four exponential components (P1, P2,

P3 and P4). The difference absorption spectrum associated with the

P1 component (τ1 = 0.018 ms) exhibits a positive peak at 590 nm

and two negative peaks at 410 nm and 490 nm. This component was

suggested to correspond to the transition from the K state to a mixture

state of the L state and the M state (the L/M state). The difference
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Figure 4.4: Flash-induced absorption changes of cR3 in claret membrane at
pH 8. Lower panel: the amplitudes of absorption changes associated with
different reaction transitions are plotted against the wavelength of measuring
beam. Upper panel: Flash-induced absorption changes observed at different
wavelengths.
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Figure 4.5: Flash-induced absorption changes of cR3-rich claret membranes
suspended at pH 6 (top panels), pH 7 (middle panels) and pH 9 (bottom
panels). In right panels: the amplitudes of absorption changes associated
with different reaction transitions are plotted against the wavelength of the
measuring light.
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spectrum associated with the P2 component (τ2 = 0.072 ms) exhibits

a negative peak at 410 nm, which corresponds to the rise of the M

state, and a broad positive peak around 500 nm which is attributable

to the decay of L/M state (or possibly mixture of K and L/M state).

i.e. the L intermediate which existed in the form of a mixture of L

and M states (L/M state) became detectable when the medium pH was

decreased below pH 7. A possible explanation is that the deprotonation

of proton-releasing group was prohibited at pH levels lower than pH

7, so that conformation change of the proton releasing channel, which

affects the pKa of Asp85, was delayed and therefore the equilibrium

between L and M was extended. As a result, the L/M-to-M transition

was delayed and became detectable.

The photo-cycle of cR3 can be described by K → (L/M) → M →
N → O → cR3, with the L/M state become undetectable at high pH

levels, where its decay rate is possibly faster than the decay rate of K

state.

4.2.2 Photoreaction of aR3

Figure 4.6 shows the light-induced absorption changes observed for

aR3-rich claret membranes suspended at pH 7. The absorption kinetics

changes in the time investigated (0.001 – 500 ms) were fitted by five

exponential components (P1 to P5). The difference spectrum associated

with the P1 component (τ1 = 3.9 µs) has a positive peak at 600 nm

and a negative peak at 510 nm. This spectrum is similar in profile to

the difference spectrum associated with the K-to-L transition of bR,

indicating that in aR3 the K state decays to the L state with a time

constant of 3.9 µs (i.e. at a similar rate observed for bR). The difference

spectrum associated with the P2 component (τ2 = 0.054 ms) exhibits

a broad positive peak around 570 nm (a positive peak at 570 nm and a

shoulder at 510 nm) and a negative peak at 410 nm, corresponding to

the transition of the L state (possibly mixture of K, L and L/M state)

to the M state. The third component P3 (τ3 = 0.43 ms) with a positive

peak at 410 nm, and a negative peak at around 520 nm is attributed

to the M-to-N transition. The difference spectrum associated with the

forth component P4 (τ4 = 3.63 ms) consists of two positive peaks at
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Figure 4.6: Flash-induced absorption changes of aR3 in claret membrane at
pH 7. Lower panel: the amplitudes of absorption changes associated with
different reaction transitions are plotted against the wavelength of measuring
beam. Upper panel: Flash-induced absorption changes observed at different
wavelengths.
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Figure 4.7: Flash-induced absorption changes of aR3-rich claret membranes
suspended at pH 8 (top panels), pH 9 (middle panels) and pH 10 (bottom
panels). In right panels: the amplitudes of absorption changes associated
with different reaction transitions are plotted against the wavelength of the
measuring light.
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410 nm and 500 nm and negative peak at 600 nm, suggesting that this

component corresponds to the decay of a mixture of M and N (or L) to

the O state. The N state is not clearly detected because its decay rate is

comparable to that of the M state. The difference spectrum associated

with the last component P5 (τ5 = 19.67 ms) exhibits a positive peak

at 640 nm and a negative peak at 580 nm, indicating that the P5

component corresponds to the last step of the photo-cycle, i.e. the

transition from the O state to the resting state. The photo-cycle of

aR3 can be described by the following scheme: K → L → L/M → M

→ N → O → aR3.

The absorption kinetics of aR3 at alkaline pH levels (8.0 – 10.0) are

shown in Figure 4.7. At pH 8, the K-to-L transition and the L-to-M

transition are represented by the P1 component and the P2 component,

respectively. The difference spectrum associated with the P3 compo-

nent (τ3 = 1.52 ms) has a positive peak at 410 nm and a negative

peak at 590 nm; this component is attributed to the transition from

M state to N state (possibly mixture of the N and O state). The dif-

ference spectrum associated with P4 component has a large negative

peak at 590 nm and a small positive peak at 640 nm; this component

corresponds to the transition from a mixture of N and O to the resting

state. The photo-cycle of aR3 at pH 8 is the same as that at pH7.

At pH 9 and pH 10, however, the difference spectra associated with

the P1 component, which has a positive peak at 590 nm and a negative

at 410 nm, showed that the K state of aR3 directly decay to the M state

(or the decay rate of L state is too fast to be detected). Meanwhile,

the difference spectra associated with P2 components, which consist

of a positive peak at 520 nm and a negative peak at 410 nm. This

component can be explained by assuming that at pH 9 and pH 10,

the aR3 claret membranes contain a mixture of neutral purple form

and alkaline pink form of aR3, in which they undergo independent

photo-cycles. To examine the assumption, absorption spectra of cR3

at alkaline pH were measured. Figure 4.8 shows the absorption spectra

of aR3 at pH 7.31, pH 8.45 and pH 9.78, the difference spectra show a

negative peaks at 600 nm and the positive peaks at 530 nm, indicating

the transition from neutral purple form to alkaline pink form occurred
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Figure 4.8: Upper penal: Difference spectra obtained by subtracting the
absorption spectra of pH 8.45 and pH 9.78 by that of pH 7.31. Lower panel:
Absorption spectra of aR3 at pH 7.31, pH 8.45 and pH 9.78.

above pH 8.45.

4.3 Electron microscopy

The morphology of cR3-rich claret membrane was investigated by cryo-

electron microscopy. After the tween 20 treatment, vesicles of diameter

from 100 nm to 200 nm were observed.

4.4 Crystal structure

4.4.1 3 D crystals of aR3 and cR3

Three dimensional crystals of aR3 and cR3 were prepared by the mem-

brane fusion method as described in section 3.1.6. As shown in Figure

4.10, trigonal crystal of cR3 grew within a protein-rich phase in the

crystallization solution. On the other hand, aR3 crystallized into a rect-

angular crystal. X-ray diffraction experiment showed that cR3 crystal

can diffract up to 2.1 Å resolution. Unfortunately, the aR3 crystals
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Figure 4.9: Cyro-electron micrograph of cR3-rich claret membranes.

obtained were too tiny to perform diffraction experiment before this

thesis was finished.

Figure 4.10: Protein crystals of: a) aR3 ,and b) cR3.

4.4.2 Spectroscopic property of the trigonal crystal of cR3

The absorption spectra of cR3 P321 crystal under polarized measur-

ing beam at different angles are shown in Figure 4.11. The spectrum

with the measuring beam being polarized in paralleled to the c-axis is

marked in red, and that perpendicular to the c-axis (along the normal

direction of the trigonal surface in Figure 4.10 b) is marked in blue.

The characteristic peaks of bacterioruberin showed only in the absorp-

tion spectrum by the polar angle parallel to the c-axis, indicating that
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the bacterioruberin is oriented in parallel to the c-axis. Meanwhile,

only a single peak at 560 nm was observed when the polarization of

measuring beam was perpendicular to the c-axis of cR3 crystal. The

dipole moment of retinal is expected to be tilted largely from the c-axis

of the crystal, and the absorption peak of cR3 is estimated to be 560

nm.

Figure 4.11: Spectroscopic property of the trigonal crystal of cR3, recorded
with the measuring beam being polarized in paralleled (red) and perpendic-
ular (blue) to the c-axis of cR3 P321 crystal.

4.4.3 Crystal packing

Diffraction data shows that the trigonal crystal of cR3 belongs to space

group P321. The top and side views of the crystal packing are shown

in Figure 4.12. Stacking of membranous layers along the c-axis is ob-

served. In each layer cR3 trimers are arranged on a honeycomb lattice

such that the nearest neighboring trimers are orientated in opposite

direction. The cR3 trimers are piled up along the c-axis. Previously,

the trimeric crystal structures of aR2 in the crystal belonging to space

group P321 and P6322 were reported by Yoshimura and Kouyama

(2007) [26]. Both P321 crystals show similar crystal packing, but the

cell dimension of cR3 crystal is considerably larger than that of aR2

crystal (a = b = 106.2 Å, c = 55.2 Å in cR3 crystal vs. a = b = 98.2

Å, c = 56.2 Å in aR2 crystal). In their report, a serious problem in
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the crystal twinning was observed. The problem was not serious in the

P321 crystal of cR3, which was grown at an acidic pH (i.e. at pH 4).

Figure 4.12: Protein packing in the P321 crystal of cR3.

Diffraction data at the highest resolution were obtained when the

P321 crystal of cR3 was soaked at pH 5. Structural analyses show that

the crystal structure remain unchanged in acidic pH region (i.e. be-

tween pH 4 and pH 5). It is interesting to note that the cell dimension

along c-axis increased significantly (about 5 Å, i.e. 10 %) when the

P321 crystal of cR3 was soaked in a post-crystallization solution at or

above pH 6 (Table 4.1). The expansion of the cell dimension along the

c-axis seems to be caused by deprotonation of several residues at the

contact region between different membranous layers. Crystal structures

at low pH values show that along the c-axis, Glu5 and Glu72 at the

extracellular surface of one subunit of cR3 are interacting with Glu239

and Asp166, respectively, on the cytoplasmic surface of another sub-

unit in a neighboring membranous layer. Increase in the medium pH

will cause deprotonation of some of these residues so that the electro-

static repulsive force among them increases, eventually pushing each

other away along the c-axis. The expansion of the cell dimension along

the c-axis was also accompanied by disorder of BC loop and the C-

terminal polypeptide region, yet the orientation of cR3 trimers in the

membranous layer was not affected (Figure 4.13).
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Data collection
Soaking solution pH pH 4 pH5 pH 6 pH 7

Resolution (Å) 47.6 - 2.3 47.5 - 2.1 45.9 - 2.3 50.0 - 2.8
(2.42 - 2.3) (2.21 - 2.1) (2.42 - 2.3) (2.95 - 2.8)

Space group P321 P321 P321 P321

Unit cell a, b (Å) 106.12 106.01 106.10 106.21

Unit cell c (Å) 55.62 55.44 60.12 60.01
No. unique reflections 16232 (2312) 19657 (2982) 15673 (2299) 9163 (1420)
Multiplicity 7.5 (7.4) 7.6 (7.4) 6.4 (6.4) 5.6 (6.3)
Completeness (%) 99.6 (98.9) 92.9 (96.9) 90.0 (92.4) 92.5 (100)
R1
sym (%) 9.2 (48.8) 7.3 (49.4) 8.9 (52.0) 7.9 (49.6)

I/σ(I) 17.5 (4.8) 20.8 (4.6) 18.3 (3.9) 21.4 (4.4)
mosaicity 0.36 0.40 0.90 0.75

Refinement

Resolution limit (Å) 15.0 - 2.30 15.0 - 2.1 15.0 - 2.30 15.0 - 2.8
Protein residues 4 - 237 1 - 244 4 - 237 4 - 237
Number of lipids 1 1 1 1
Number of water 14 26 14 14
R2
crysr (%) 25.0 23.1 24.7 25.7

Rfree (%) 27.0 25.4 26.8 27.2
Rmsd

Bond Length (Å) 0.0066 0.0056 0.0060 0.077
Bond angle (◦) 1.17 1.15 1.07 1.24

B factor (Å)
Protein 39.2 29.6 32.7 50.2
Water 42.7 34.0 31.8 47.7
lipids 67.4 74.5 37.9 64.8

Table 4.1: Data collection and final refinement statistics of cR3. 1Rsym =∑
hkl |Ii− < I > |/

∑
hkl

∑
i Ii where Ii is the intensity of an individual re-

flection and < I > is the mean intensity obtained from multiple observation
of symmetry related reflections. 2Rcryst =

∑
hkl ||Fobs| − |Fclac||/

∑
hkl |Fobs|

5 % randomly selected reflection were used for Rfree.
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Figure 4.13: Contact region between a cR3 subunit and its nearest neigh-
boring subunit along c-axis direction.

4.4.4 Structural properties

The structural model of cR3 is shown in Figure 4.14. Similar to other

arhcaeal light-driven proton pumps, the polypeptide of cruxrhodopsin-

3 in folded into seven trans-membrane helices (named from helix A to

helix G), a β-sheet at the BC loop, and a short helix at the C-terminal

region (Figure 4.15a). Retinal is bound to the ε amino group of Lys220,

and it takes on the all-trans configuration.

At low pH (pH 5 and 4), the β-sheet at BC loop of cR3 is oriented

towards its DE loop, and the main chain at Ala70 in the BC loop is

hydrogen-bonded with the main chain at Ala127 in the DE loop (Fig-

ure 4.16a). The short helix at C-terminus, which covers the central

area of the cytoplasmic surface, is fixed by interactions with residues

(Arg36, Arg38, Tyr41, Asp166, and Thr171) from helices B, E and F.

Upon the crystal soaking above pH 6, the BC loop and the C-terminal

polypeptide underwent large structural alterations and became disor-

dered (Figure 4.13), whereas the structure of the protein inside scarcely

changed.
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Figure 4.14: Side view of the cruxrhodopsin-3 monomer.
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Figure 4.15: Specific structural properties of cR3. a) a short α-helix at the
C-terminus (orange) covers the central region of the cytoplasmic surface; b)
the cytoplasmic region of helix E is largely bent to create an opening; c)
and d) the side view and top view (from the extracellular side) of the long
extend DE loop.
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Figure 4.16: a) The BC loop and DE loop of cR3 at pH 5. Hydrogen
bond was formed between the main chains of Ala127 and Ala70; b) The
inter-subunit interaction between helix D (green) of one subunit and helix
A (cyan) of a neighboring subunit.

The structures of the retinal-binding site and the proton release

pathway in cR3 are shown in Figure 4.17. The retinal chromophore is

linked to a lysine residue (Lys220) at the middle of the helix G, the

remarkable similarity of the retinal-binding pocket for aR2 and cR3

explains the spectroscopic similarity (both absorption peak at around

580 nm) of aR2 and cR3. Note that at the proton-release channel,

two glutamates (Glu198cR3 and Glu208cR3, which correspond to E194

and E204 of bR, respectively) formed a paired structure. The close

distance between these residues (2.4 Å) can be explained by a low-

barrier hydrogen bond [49]. This paired structure in cR3 remained

unchanged within the investigated pH range (pH 4 – pH 7).

The indole ring of Trp186cR3 (and Trp187aR2 of aR2) near the retinal

chromophore is in contact with a residue on helix E (Leu149cR3 and

Phe150aR2), so that the motional freedom of Trp186cR3 (Trp187aR2) is

reduced (Figure 4.18).

The cytoplasmic side of helix E is largely bent in such a manner

that a cavity was created between helices E and F near the cytoplasmic

surface (Figure 4.15b). The DE loop of cR3 is long enough to reach
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Figure 4.17: The internal structure of cR3. a) The retinal-binding pocket;
b) the proton-releasing group.

Figure 4.18: The retinal-binding pocket of aR2 (pink), bR (orange) and cR3
(green).
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a neighboring subunit and interact with the N-terminal region (main

chain at Pro2) and helix B (Leu60 and Gly61)(Figure 4.15c and d). As

a result, the trimeric structure of cR3 is strengthened. On the other

hand, inter-subunit interactions are observed on the cytoplasmic side

of helix D (Asn104 and Arg105) and helix A (Ser35, Gln38 and Lys39)

of the neighboring subunit (Figure 4.16b). Three positively-charged

residues (Arg172, Lys176 and Arg179) are located at the cytoplasmic

end of helix F. It is likely that this charge distribution affects the higher

order structure of cR3 in the cell membrane (Figure 4.15b).

The trimeric structure of cR3 is further strengthened by the carotenoid

bacterioruberin, which binds to the crevice between neighboring sub-

units (Figure 4.19). One terminal end of the bacterioruberin is sur-

rounded by helices A and B of one subunit and helices E and F of

the neighboring subunit, while the other end is extruded to the lipid

bilayer. Similar structural feature has been observed in the trimeric

aR2-bacterioruberin complex.

Figure 4.19: The trimeric structure of cR3.

4.5 Higher-order structure of cR3

The peculiar structure of cR3 is seen in that an extended DE loop

interacts with a neighboring subunit. This observation leds to an hy-
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pothesis that the trimeric assembly of cR3 is more stable than that of

bR. To investigate this possibility, we investigated the photo-stability

of cR3 at various concentrations of detergent.

4.5.1 Photobreaching

In this experiment, an aqueous suspension of cR3-rich claret mem-

branes was exposed to strong orange light (wavelength ≥ 580 nm)

from a 150 W xenon lamp, and the absorption changes at 560 nm

under continuous illumination were recorded (Figure 4.20).

Figure 4.20: Photobleaching experiment of cR3.

No obvious absorption change was induced under illumination when

cR3 was embedded in claret membrane; i.e. the retinal chromophore is

protected from photohleaching. However, when a large amount of de-

tergent (nonylglucoside) was added to the claret membrane suspension,

a noticeable photobleaching of the retinal chromophore in cR3 was ob-

served. The rate of photobleaching increased with the concentration

of detergent in the suspension. The photobleaching data indicate that

the photostability of cR3 is reduced when the trimeric structure and/or

the native lipid-protein / protein-protein interactions are destroyed by



CHAPTER 4. RESULT 71

an excess amount of detergent. The photobleaching of bR was also

shown in Figure 4.20. Note that the photobleaching of bR became

significant at a much lower detergent concentration than observed for

cR3 (13 mM); for example, the photobleaching of rate cR3 in 13 mM

nonylglucoside is five times slower than that observed for bR at the

same detergent concentration. This result suggests that even after ad-

dition of detergent, a considerable fraction of cR3 remains to exist in

the trimeric state or the lipid-protein interaction is still maintained.

4.5.2 Blue native PAGE

The stability of the trimeric assembly of cR3 at various detergent con-

centrations was investigated using BN-PAGE. The result is shown in

Figure 4.21. The result shows that cR3 remains to keep the trimeric

structure in 13 mM nonylglucoside. When the detergent concentration

was increased above 0.8 %, a large fraction of cR3 were dissociated into

the monomeric state.

Figure 4.21: Blue native PAGE of cruxrhodopsin-3
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Discussion

In the present study, cruxrhodopsin-3 was crystallized into trigonal

crystals belonging to space group P321, and the crystal structures at

various pH levels were determined. Structural analysis shows that cR3

monomer consists of seven transmembrane α-helices (A to G) and a β

sheet at the BC loop. The retinal chromophore is covalently linked to

a lysine (K220cR) at the middle of helix G. As compared with other

archaeal proton-pumping rhodopsins (bR, aR1, aR2, dR3), cR3 has

the following peculiar structural properties: i) a short helix at the C-

terminal, covering the central region of the cytoplasmic surface; ii) the

cytoplasmic side of helix E is largely bent to create a cavity between

helix E and F near the cytoplasmic surface; iii) a long DE loop extends

towards a neighboring subunit, strengthening the trimeric structure;

iv) the side chain of Leu141 in helix E is in contact with the indole

ring of Trp180, restricting the motional freedom of Trp180 and thereby

making the retinal-binding pocket more rigid than that observed for

bR. To discuss how these structure properties affect the proton pump-

ing kinetics, we compare the absorption kinetics and structures of cR3

with those observed for other microbial rhodopsins.

5.1 Trimeric assemblies of archaeal rhodopsins

The crystal structure of cR3 crystal shows that the trimeric assembly

is maintained under the crystallization condition. In fact, cR3 is not

the unique microbial rhodopsin that forms trimeric structure. Crystal-

72
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lographic studies reveal that the ability to assemble into trimers is pos-

sessed by several proton-pumping rhodopsins (bacteriorhodopsin (bR),

archaerhodopsin-1 (aR1), archaerhodopsin-2 (aR2), deltarhodopsin-3

(dR3)) and also anion-pumping rhodopsins (halorhodopsin from N.

Pharaonis (pHR) and halorhodopisn from H. salinarum (sHR)). Struc-

tural comparison shows that these trimeric assemblies are similar to

one another (Figure 5.1). Comparison of the trimer of cR3 with those

of aR2, bR and dR3 shows RMSD of 0.93 Å(over 618 residues), 0.98

Å(over 591 residues) and 0.56 Å(over 558 residues), respectively. Espe-

cially their transmembrane regions are superimposed very well; helices

B, C and D are oriented in parallel to the 3-fold axis; while helices A,

E, F, G are largely tilted from the membrane normal. Helices A and B,

as well as helices D and E mediate direct contacts between neighboring

subunits.

Figure 5.1: Trimeric assemblies of microbiol rhodopsins. Green: bacteri-
orhodopsin (pdb id: 1IW6); Cyan: cruxrhodopsin-3 (pdb id: 4L35); Yellow:
archaerhodopsin-2 H32 (pdb id: 3WQJ); Magentas: deltarhodopisn-3 (pdb
id: 4FBZ).
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Recently it was reported that a proton-pumping rhodopsin from

Gloeobacter (a cyanobacterium) has the ability to form a trimeric

assembly in the presence of dodecylmaltoside [50]. Boichenko et al.

(2006) reported that the xanthorhodopsin (xR), a microbial rhodopsin

found in eubacterium, may form a trimeric assembly in the cell mem-

brane of Salinibacter ruber [51]. It seems reasonable to postulate that

most proton-pumping microbial rhodopsins are able to form trimeric

assemblies in their native membrane environments. It is interesting to

ask: what advantages can these rhodopsins get by forming a trimeric

assembly? Note that the proton pumping activity of bacteriorhodopsin

monomer was reported to be similar to that of bR trimer [52], indicat-

ing that the trimeric assembly is not an essential structural motif for

the proton-ion pumping activity. Meanwhile, it was reported that the

thermal stability of bR monomer under illumination is much lower than

that of bR trimer [53]. It is possible that formation of the trimeric as-

sembly contributes to prohibition of unfavorable photo-reactions that

may lead to inactivation of protein. Cruxrhodopsin-3 possesses a long

DE loop that interacts with a neighboring subunit (Figure 4.15). This

structural property enhances the ability of trimeric assembly formation

and hence the photostability.

5.1.1 Role of bacterioruberin

Bacterioruberin is a carotenoid pigment abundant in the membrane

of H. salinarum (Figure 4.1). It is responsible for the claret color of

the H. salinarum. The primary role of this carotenoid pigment is to

protect their host from ionizing radiation and UV by acting as an

antioxidant [54]. In the crystal structure of cR3, a terminal end of

bacterioruberin binds to the crevice at the cytoplasmic side between

two subunits within a trimer (between helices A, B of one subunit and

helices E, F of the neighboring subunit), while the other terminal is

mobile in the lipid bilayer. In contrast to cR3, bacterhodopsin trimers

contain another lipid component at the same position.

Recent studies have shown that xanthorhodopsin (xR), a new mem-

ber of microbial rhodopsin found in eubacterium Salinibacter ruber,

employs a different carotenoid (salinixanthin) as its second chromophore
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to harvest sun light [2]. Crystal structure of xR shows that salinixan-

thin is within 5 Å from the β-ionone ring of retinal [55], which is in

the range of the Van der Waals interaction distance (3 – 6 Å) such

that excitation energy can be transfered effectively from salinixanthin

to the retinal of xR. In cR3, on the other hand, bacteriorhodopsin is

separated from the retinal; the closest distant between these pigments

is 10.9 Å (Figure 5.2). It is unlikely that efficient excitation energy

transfer can occur between bacteriorhodopsin and retinal.

Figure 5.2: The closest distance between retinal and bacterioruberin in the
trimeric assembly of cR3 is longer than 10 Å.

Structural comparison between cR3, aR2 and dR3 shows that the

residues surrounding bacterioruberin are not necessarily conserved (Fig-

ure 5.3). In the P321 crystal of aR2, the N terminal polypeptide chain

forms an omega loop that provides a binding platform for bacterioru-

berin. As a consequence, the electron density map of the whole part

of bacterioruberin can be identified. However, bacterioruberin in cR3

and dR3 is fixed only at one terminal end, and the other end is al-

lowed to move freely in the lipid bilayer. The electron density of this

mobile terminal of bacterioruberin is too weak to determine the exact

configuration.
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Figure 5.3: Structures of the bacterioruberin-binding site observed in the
P321 crystal of aR2 (magenta), the P321 crystal of cR3 (green) and the
R32 crystal of dR3 (cyan)

A previous crystallographic study of the chloride ion pump halorhodopsin

from N. Pharaonis (pHR) has shown that bacterioruberin is inserted in

the crevices between neighboring subunits within the tirmeric assembly

[28]. A recent study has shown that although the trimeric assembly

of pHR is strengthened in the presence of bacterioruberin, pHR can

form a trimeric assembly even in the absence of bacterioruberin [56].

Meanwhile, structural analysis shows that the bacterioruberins in pHR

trimeric assembly are partially replaced by detergent when pHR crys-

tals were grown at high detergent concentration. Also it is known that

bacterioruberin is missing in the purple membrane of H. salinarum.

We cannot exclude the possibility that native membrane of Haloar-
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cula vallismortis contains a different type of lipid, which is replaced by

bacterioruberin in the host cells in which cR3 is expressed.

Although the absorption spectrum of aR3-rich claret membrane

shows characteristic peaks of bacterioruberin at 475 nm, 501 nm and

545 nm, the bacterioruberin content in aR3 is relatively lower than

that observed for cR3. It is possible that the trimer of aR3 does not

efficiently bind bacterioruberin or the binding affinity is low.

5.2 Structural conservation of proton releasing group

In bacteriorhodopsin, the proton-releasing pathway is composed of

the Schiff base, Lys216bR, Arg82bR, Asp85bR, Glu194bR and Glu204bR.

Comparison between cR3 and bR shows that configurations of these

functionally important residues are well conserved (Lys220cR, Arg86cR,

Asp89cR, Glu198cR and Glu208cR respectively). A minor difference is

found in the water distribution within the proton-releasing channel: In

cR3, two extra water molecules are observed in the proton-releasing

pathway; Tyr83cR (Tyr81bR) is hydrogen-bound to Thr124cR; an ex-

tra water Wat608cR is placed between Glu198cR and Tyr83cR; and

Wat607cR is placed between Arg82cR and Thr209cR.

In the neutral purple form of bR in the P622 crystal, the side

chains of two glutamates in the proton-release channel (Glu194bR and

Glu204bR) point towards each other. This glutamates pair is suggested

to be maintained by a low barrier hydrogen bond [49]. Such a paired

structure is also observed in the crystals of aR2, dR3 and cR3 that

were prepared by the membrane fusion method (Figure 5.4 a). Re-

cently we resolved the crystal structure of aR2 in the H32 crystal at

1.8 Åresolution. This high resolution structural analysis allowed us to

determine the detailed structure of the proton-release complex. Struc-

tural refinement shows that the distance between Glu199aR2 OE2 and

Glu209aR2 OE1 is 2.3 Å, indicating that the glutamate pair is main-

tained by a low barrier hydrogen bond. Meanwhile, in the alkaline pink

form (pH > 10) and the acidic blue form (pH < 3.5) of bR, such paired

structure is broken [10]. In the acidic blue form of bR, the side chain of

Glu194bR points towards Arg134bR and that of Glu204bR points towards
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helix F, creating a large cavity to accommodate a sulfate ion between

Arg82bR, Tyr83bR, Glu194bR and Glu204bR. In the alkaline pink form,

Glu194bR turns upward to point at Tyr83bR, and three water molecules

fills an open space created between Glu194bR and Glu204bR.

It is also reported that in some crystals of bR (C2 crystal [57]),

the paired structure of Glu194bR and Glu204bR is broken. Interest-

ingly, the orientations of side chains of these glutamates observed in

the C2 crystal are similar to those found in the alkaline pink form of

bR in the P622 crystal (Figure 5.4 b). On the other hand, although

Glu194bR and Glu204bR can form a paired structure in another crystal

of bR (P63 crystal), the configuration of the proton release complex is

different from that seen in the neutral purple form of bR in the P622

crystal. Furthermore the B-factor of the Glu194bR OE2 was found to

has an unusually high value (62 Å2), which is much higher than the

corresponding value observed in the P321 crystal of cR3 (39 Å2) and

of H32 crystal of aR2 (31 Å2). A possible explanation is that the pKa

of the alkaline transition of bR from the purple form into the pink form

is dependent on the lipid-protein interactions. When the P321 crys-

tal of cR3 that was soaked in a wide range of pH (4 – 7), Glu198cR3

and Glu208cR3 remained to form a paired structure as seen in the H32

crystal of aR2 and in the P622 crystal of bR (the neutral purple form).

5.3 Structure factors affecting the reaction

kinetics

The absorption kinetics of the bR in purple membrane at pH 7.5 and

the aR2 claret membrane at pH 7 are shown in Figure 5.5 [1]. The flash-

induced absorption changes of bR purple membranes at pH 7.5 were

fitted by five exponential components (P1 to P5), which correspond to

the K-to-L transition, the L-to-L/M transition, the L/M-to-M transi-

tion, the M-to-N (possibly a mixture of N and O state) transition and

the decay of the long lifetime N state respectively, indicating a photore-

action scheme of K→ L→ L/M→ M→ N→ O→ bR. On the other

hand, the flash-induced absorption changes of aR2 claret membrane at

pH 7 were fitted by four exponential components (P1, P3, P4 and P5).
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Figure 5.4: Structural conservation of the proton-releasing pathway among
different proton-pumping rhodopsins. a) green: cR3 in the P321 crystal
(pdb id: 1C3W); pink: aR2 in the H32 crystal (pdb id: 3WQJ); cyan: bR
in the P622 crystal (pdb id: 1IW6); yellow: dR3 in the R32 crystal (pdb id:
4FBC). b) cyan: bR in the P622 crystal (pdb id: 1IW6); purple: bR in the
P63 crystal (pdb id: 1C3W); white: bR in the C2 crystal (pdb id: 1BRR);
orange: the alkaline pink form of bR in the P622 crystal (pdb id: 1X0K).
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The four components correspond to the K-to-M transition, the M-to-N

transition, the M/N-to-O transition and O-to-aR2 respectively. The

photoreaction scheme of aR2 was described by K → M → N → O →
aR2.

Comparison of absorption kinetics data shows that although more

than half of the amino sequence of cR3 conserve with bR, the photo-

cycle of cR3 is different from bR’s photo-cycle in several aspects. Namely,

the decay rate of the K state of cR3 is much slower than that of bR

(time constant of the K-to-L transition of bR is τ1 = 3.1 µs at pH 7.5

versus that of cR3 at pH 8 is τ1 = 0.031 ms); the L state of cR3 could

not be clearly detected; also the decay rate of M state of cR3 is much

faster than that of bR (time constant of the M-to-N transition of bR

is τ4 = 2.67 ms at pH 7.5 versus that of cR3 at pH 8 is τ2 = 0.341

ms). In the following section we tried to discuss the structural factors

corresponding to the differences in reaction kinetics.

The slow decaying K state was not only observed in cR3, but also

in aR2. Flash-induced absorption change of aR2 claret membrane

showed that the K state decayed slowly to M state in a wide range

of pH levels (pH 6 – pH 9, τ1 = 0.061 ms at pH 7) [17]. The de-

cay rate of K state is expected to correlate with the structure around

the retinal chromophore. Detailed comparison between the structure

of the retinal binding pockets of aR2, bR and cR3 shows that most

residues are conserved among microbial rhodopsins, the methionine in

bR (Met145) is replaced by leucine (Leu149cR3) in cR3 and by pheny-

lalanine (Phe150aR2) in aR2 (Figure 5.6 b). Such replacements is ac-

companied by a shift of a neighboring tryptophan residue (Trp182bR,

Trp186cR3 and Trp187aR2) that makes contact with the C13 methyl of

retinal, so that the structure around the C13 methyl of retinal is made

more rigid and the horizontal movement of tryptophan (Trp186cR3) is

inhibited (Figure 5.6 b). It is reported that in bR, the K-to-L transi-

tion is accompanied with a horizontal movement of Trp182bR towards

Met145bR and rotation of the side chain of Leu93bR [58, 32], such con-

figuration changes allow relaxation of the retinal polyene chain from a

twisted 13-cis configuration to a planar 13-cis configuration (Figure 5.6

a). It is possible that the relaxation of retinal (twisted 13-cis to pla-



CHAPTER 5. DISCUSSION 81

Figure 5.5: Flash-induced absorption changes of aR3 claret membrane at
pH 7 (top panel); cR3 at pH 8 (second panel); bR purple membrane at pH
7.5 (third panel) and aR2 claret membrane at pH 7 (bottom panel). The
flash-induced absorption changes of bR and aR2 are edited from [1].
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nar 13-cis configuration) of cR3 and aR2 takes place in the formation

process of the L/M state, during which the main chain of Lys220cR3

(Lys221cR3) undergoes a large structural change.

Although the amino acid sequence of aR3 is highly conserved with

that of aR2 (86 %), the decay rate of K state is much faster in aR3 then

that in aR2 (time constant of K decay of aR3 at pH 7 is 0.0039 ms,

similar to that of bR), structural comparison shows that the methionine

sitting next to the tryptophan (Met155aR3) is conserved with bR.

The difference in the rate of the M-to-N transition can be explained

by the structural difference in the proton-uptake pathway. The cyto-

plasmic side of helix E of cR3 is largely bent to create a cavity between

helix E and F. This cavity is large enough to accommodate a few water

molecules. Previous structural analyses of bR have suggested that the

cytoplasmic half of helix F is tilted outwards upon formation of the N

state. A similar structural change has been shown to take place dur-

ing the anion-pumping cycle of pHR in complex with azide. When its

long-living N/M state of the pHR-azide complex is generated at high

pH, the cytoplasmic half of helix F is largely deformed and a linear

water cluster is formed between the retinal Schiff base and Lys215pHR

located near the cytoplasmic surface of pHR. It has been postulated

that a similar linear water cluster is transiently generated during the

proton pumping cycle of any proton-pumping rhodopsin. Because the

unphotolyzed state of cR3 already contains a water molecule in the

vicinity of Arg179 (the counterpart of Lys215pHR), it would be ex-

pected that the formation of a linear water cluster in the cytoplasmic

inter-helical space (i.e., the formation of the N state) takes place more

rapidly in cR3 than in bR. It should be pointed out that in the P321

crystal of cR3, the M state decays very slowly (t, 100 ms at 24 ◦C). This

elongated lifetime of M is explained by supposing that the opening of

the cytoplasmic half is inhibited by the protein-protein interactions, as

previously reported for the M-to-N transition of bR.
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Figure 5.6: Comparison of the retinal-binding pocket. a) cyan: bR in the
P622 crystal (pdb id: 1IW6); purple: the L-intermediate of bR in the P622
crystal (pdb id: 1UCQ). b) cyan: the unphotolyzed state of bR in the P622
crystal (pdb id: 1IW6); green: cR3 in the P321 crystal; pink: aR2 in the
H32 crystal (pdb id: 3WQJ).
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