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Retinal proteins (~rhodopsins) are photochemically reactive membrane-embedded proteins, with seven trans-
membrane α-helices which bind the chromophore retinal (vitamin A aldehyde). They are widely distributed
through all three biological kingdoms, eukarya, bacteria and archaea, indicating the biological significance of
the retinal proteins. Light absorption by the retinal proteins triggers a photoisomerization of the chromophore,
leading to the biological function, light-energy conversion or light-signal transduction. This article reviews mo-
lecular and evolutionary aspects of the light-signal transduction bymicrobial sensory receptors and their related
proteins. This article is part of a Special Issue entitled: Retinal Proteins - You can teach an old dog new tricks.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

1.1. Conversion of light energy into an electrochemical potential with
microbial rhodopsins

Biological molecules containing vitamine-A aldehyde retinal (Fig. 1A)
as a chromophore are generally called “Retinal (or Retinylidene) pro-
teins” [1]. These retinal proteins have basically been classified into two
groups, microbial (type-1) and animal (type-2) proteins [1,2]. In both
types retinal works as a chromophorewithin the opsin. This article focus-
es on structure-function relationship among type-1 retinal proteins.

In 1971, a retinal protein has been found in the halophilic archaeon
Halobacterium salinarum (formerly halobium) by Drs. Oesterhelt and
Stoeckenius [3] (Fig. 1A). Similar to the visual rhodopsins, this molecule
named bacteriorhodopsin (BR) is an integral membrane protein
having both seven-transmembrane α-helices and a retinal chromo-
phore linked to a specific lysine residue (Lys216) via a protonated Schiff
base (PSB) linkage (Fig. 1A) [4]. Several sites in this protein have been of
major attention in the research discussed in this review and those are
shown in Fig. 1B with the alignment of putative amino acid sequences
of other microbial type-1 retinal proteins. Most of them have an argi-
nine and two aspartate residues at the position of BR Arg82, Asp85

and Asp 212. These residues and PSB form a quadrupole structure called
“pentagonal cluster” [5], and it would be important for the structural
stability of type-1 rhodopsins. BR acts as a light-driven outward proton
pump across the membrane, and such a proton gradient is utilized by
the ATP (adenosine triphosphate) synthase, indicating that organisms
having light-driven pumps can produce ATP under light illumination
[6,7]. It is well-known that ATP is a multifunctional nucleotide, used in
cells and organisms as a coenzyme, and is often called the molecular
unit of currency of intracellular energy transfer. In the past four decades
since its discovery, BR has become a model for the simplest and most
essential features necessary in an active proton transporter that is acti-
vated by a light stimulus. It should be noted that until recently, BR and
related proteins capable of producing a chemiosmotic membrane
potential in response to light had only been described in halophilic
archaea [6].

In 2000, however, a type of retinal protein derived from
γ-proteobacteria was discovered through genomic analysis in marine
bacterioplankton, and was named “Proteorhodopsin (PR)” (Fig. 1A) [8].
PR exhibited a photocycle with intermediates and kinetics characteris-
tic of BR, and showed active proton transport upon photoillumination.
Since then, thousands of PR-like proteins have been discovered mainly
from marine environment. This implies that archaeal-like retinal pro-
teins are broadly distributed among different taxa, including members
of the domain bacteria. Moreover, in 2005, a fungal retinal protein
(Leptosphaeria Rhodopsin: LR) was found and identified from the
eukaryota Leptosphaeria maculans (Fig. 1A) [9]. LR turned out to be
very similar to BR in its photochemical behavior, and exhibits
light-driven active proton transport. At present, a vast number of
microbial type-1 retinal proteins, such as Acetabularia Rhodopsin (AR)
[10], xanthorhodopsin (XR) [11], Gloeobacter Rhodopsin (GR) [12],
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Exiguobacterium sibiricum Rhodopsin (ESR) [13,14] and sodium pump
rhodopsin (NaR) [15] have been found in the genomes of many organ-
isms except for higher plants and animals (Fig. 1A). Thus, it is now
obvious that BR and related proteins are very common for large taxo-
nomic groups within the three biological kingdoms, eukarya, bacteria
and archaea (Fig. 1A), indicating that in many organisms the proton
gradient produced by proton pumps could be utilized by the ATP syn-
thesis, generating biochemical energy from light. The phylogenic analy-
sis implies that these proton pumps are categorized to a few distinct
clades including i) BR (HsBR), AR3 (archaerhodopsin-3) and
their related proteins, ii) fungal rhodopsins such as LR and iii)
PR, XR, ESR and their related proteins, and they locate far from
each other (Fig. 1A). All of proton-pumping rhodopsins have
conserved carboxylic residues at the positions of BR Asp85 and
Asp96 (Fig. 1B). Both of them are important for the proton

transport and they function as a proton acceptor and a donor
for the retinal Schiff base in the photoreaction of proton-
pumping rhodopsins.

In 1977, a second retinal protein named halorhodopsin (HR) has been
discovered in the archaeon H. salinarum by Drs. Matsuno-Yagi and
Mukohata (Fig. 1) [16]. Dr. Lanyi et al. has demonstrated that HR acts as
a light-driven inward chloride pump [17]. Functionally, HR is the mirror
image of BR: anions such as Cl−, Br− and I− instead of cations are
transported, and the translocation is in the extracellular → cytoplasmic
direction [18]. An aspartate at the position of Asp85 in BR is replaced by
threonine in HR (Fig. 1B). This aspartate is a member of the electric qua-
druple in other rhodopsins, and the quadruple structure ismaintained by
the binding of an anion in HR [19]. In 1995, Dr. Sasaki and coworkers
reported that the replacement of a single amino acid residue converts
BR from a proton to a chloride pump, which implies that the essential

Fig. 1. A) Chemical structure of the all-trans retinal protonated Schiff base and diversity of microbial type-1 retinal proteins. Retinal proteins show various colors, and exhibit two
basic functions, the light-energy conversion and light-signal conversion. They widespread in archaea (red), eubacteria (green) and eukaryotes (blue). B) Alignments of some amino
acid residues in type-1 retinal proteins. BR, SRII and SRI on the top of the panel indicate the molecules from H. salinarum, N. phraonis and S. ruber, respectively, with the numbers of
their amino acid residues.
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