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Abstract

Microbial rhodopsins are a family of photoactive retinylidene proteins
widespread throughout the microbial world. They are notable for their di-
versity of function, using variations of a shared seven-transmembrane helix
design and similar photochemical reactions to carry out distinctly different
light-driven energy and sensory transduction processes. Their study has con-
tributed to our understanding of how evolution modifies protein scaffolds
to create new protein chemistry, and their use as tools to control membrane
potential with light is fundamental to optogenetics for research and clinical
applications. We review the currently known functions and present more
in-depth assessment of three functionally and structurally distinct types dis-
covered over the past two years: (a) anion channelrhodopsins (ACRs) from
cryptophyte algae, which enable efficient optogenetic neural suppression;
(b) cryptophyte cation channelrhodopsins (CCRs), structurally distinct from
the green algae CCRs used extensively for neural activation and from cryp-
tophyte ACRs; and (c) enzymerhodopsins, with light-gated guanylyl cyclase
or kinase activity promising for optogenetic control of signal transduction.
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INTRODUCTION

Microbial Rhodopsins in Nature

The microbial rhodopsin family comprises >7,000 photochemically reactive proteins in prokary-
otes and lower eukaryotes found throughout the oceans from the tropics to the arctic, in lakes and
rivers, in soil, and on the leaf surfaces of plants (Figure 1). Family members share a membrane-
embedded seven-helix architecture that forms an internal pocket for the chromophore retinal
bound in a protonated Schiff base linkage to the ε-amino group of a lysyl residue in the mid-
dle of the 7th helix. Microbial rhodopsins provide a vivid example of evolution modifying a
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Figure 1
A cladogram of the microbial rhodopsin superfamily. For a list of sequences, accession numbers, and source
organisms see Supplemental Table 1. Follow the Supplemental Material link from the Annual Reviews
home page at http://www.annualreviews.org. Abbreviations: ACRs, anion channelrhodopsins; CCRs,
cation channelrhodopsins.
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single protein scaffold to produce diverse new chemical functions. Photochemical reactions ener-
gized by photoisomerization of the retinylidene chromophore drive distinctly different processes
in different microbial rhodopsins. Their biological functions fall into two categories: (a) pho-
toenergy transducers that convert light into electrochemical potential to energize cells, namely
light-driven ion pumps catalyzing outward active transport of protons, inward chloride trans-
port, and outward sodium transport; (b) photosensory receptors that use light to gain informa-
tion about the environment to regulate cell processes (Figure 2). Known modes of microbial
sensory rhodopsin signaling are protein–protein interaction with membrane-embedded trans-
ducers, interaction of their cytoplasmic domain with soluble transducer proteins, enzymatic ac-
tivity encoded in their cytoplasmic domain, and signaling by light-gated passive ion channel
conduction.

The microbial rhodopsins are so named because of their structural similarity to animal visual
pigments, such as mammalian rod rhodopsin, which also comprise seven transmembrane helices
forming an interior protonated retinylidene Schiff base chromophore also linked to a lysyl residue
in the 7th helix. For both microbial and animal rhodopsins, their apoproteins are referred to
as opsins and, when complexed with the retinal moiety, rhodopsins. Microbial rhodopsins and
animal rhodopsins exhibit mechanistic as well as structural similarities but no sequence homol-
ogy. On the basis of their distinctly different phylogeny, they have been designated type 1 and
type 2 rhodopsins, respectively (1). The question of whether types 1 and 2 derive from convergent
evolution or diverged from a common seven-helix retinylidene ancestor is still unresolved, but the
latter possibility has recently received new support (2).

Use as Optogenetics Tools

Since their discovery in the 1970s and 1980s, the temporal and spatial precision available from
using light as a stimulus and the convenience of having a natural spectroscopic reporter group
in the photoactive site (i.e., the retinylidene chromophore) have enabled microbial rhodopsins
to contribute substantially to our understanding of membrane protein structure/function, pho-
tochemistry, bioenergetics, sensory signaling, protein evolution, and the diversity of modes of
interaction of organisms with light. One of their most significant contributions is in laying the
chemical foundation for the new biotechnology of optogenetics. Optogenetics, an approach that
uses light to control cell membrane potential in neurons and other excitable cells, has revolu-
tionized neuroscience research, especially studies of brain function (3, 4). The chemical basis
of optogenetics is genetically targeted expression of microbial rhodopsins, whose photochemi-
cal reactions enable precise spatial and temporal photocontrol of transmembrane ion currents to
regulate neuronal action potentials. This new technology has transformed the study of neural
circuitry in flies, worms, rodents, and other animal models and has greatly accelerated the pace of
discoveries in brain functions.

Studies of using optogenetics for gene therapy for neurological and cardiac diseases in animal
models are promising. Clinical optogenetics is in early stages, and the first human clinical trials
for optogenetic restoration of vision in blind individuals with a channelrhodopsin have begun this
past year.

Microbial rhodopsins have provided the photochemical basis of optogenetics, with phototaxis
receptors from algae with light-gated channel activity being particularly important contributors.
Notably, the development of optogenetics is yet one more beautiful example of a revolutionary
biotechnology growing out of purely basic research—in this case, research by an international
community of skillful and enthusiastic basic scientists studying over decades the photobiology,
photochemistry, and photophysics of microbial rhodopsins.
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Figure 2
Functional types of microbial rhodopsins. All molecules are oriented with their extracellular surface pointing
upward. For the molecules shown as ribbons, high-resolution crystal structures have been obtained.
Abbreviations: ACRs, anion channelrhodopsins; ASR, Anabaena sensory rhodopsin; BRs, bacteriorho-
dopsins; CCRs, cation channelrhodopsins; CD, cytoplasmic domain; ERs, enzymerhodopsins; GC, guanylyl
cyclase; HK, histidine kinase; HRs, halorhodopsins; NaRs, Na+-pumping rhodopsins; PRs,
proteorhodopsins; SRs, prokaryotic sensory rhodopsins.
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Scope of the Review

Comprehensive reviews have appeared on retinylidene proteins in general (both types 1 and 2)
(1, 5) and on various aspects of particular type 1 rhodopsins (6–11; see also references cited in
specific sections below). In this focused review, we first briefly cover all of the known molecular
functions of microbial rhodopsins, including the history of their discovery and particularly, in
some cases, uniquely interesting aspects of their properties that have advanced our understanding
of photobiochemistry and photobiology.

Second, we present a more in-depth review of type 1 rhodopsins and new functions discovered
in the past two years in this rapidly moving field, namely (a) anion channelrhodopsins (ACRs) from
cryptophyte algae, notable for their unparalleled efficiency of hyperpolarization and silencing of
neural firing; (b) cation channelrhodopsins (CCRs) from cryptophyte algae, structurally distinct
from the green algae CCRs and closely related to haloarchaeal proton pumps, an example of
convergent evolution of channel function via two independent paths; and (c) enzymerhodopsins,
microbial rhodopsins with a catalytic domain, specifically in the best understood case a light-gated
guanylyl cyclase activity used by a fungus for phototaxis and promising for optogenetic control of
cyclic guanosine monophosphate (cGMP) signaling processes.

THE KNOWN MOLECULAR FUNCTIONS
OF MICROBIAL RHODOPSINS

Light Energy Capture by Light-Driven Ion Pumps

The most abundant and widespread type 1 rhodopsins known are light-driven pumps that carry out
vectorial translocation of specific ions across prokaryotic cell membranes, thereby transducing light
into electrochemical membrane potential used to power processes such as ATP synthesis, transport
of substrates into and out of cells, and cell motility. Light-driven pumps specific for protons were
discovered first and account for most of the type 1 rhodopsin genes known. Rhodopsin pumps for
chloride and most recently for sodium ions have also been found.

Proton pumps. The first discovered type 1 rhodopsin was the proton pump bacteriorhodopsin
(BR) in haloarchaea. After three decades of fruitful study of BR, environmental genomics revealed
rhodopsin proton pumps in numerous species of marine, freshwater, and soil bacteria and also
eukaryotic microorganisms.

Bacteriorhodopsin. In the late 1960s Walther Stoeckenius was interested in electron microscopy
of the archaeal organism Halobacterium salinarum (at that time classified as a bacterium) because
of reports that its cytoplasmic membrane may have a subunit structure. However, its unusual
surface structure was revealed to be from 2D-crystalline arrays of a then-unknown protein
pigment forming purple patches in the cytoplasmic membrane. In the early 1970s Oesterhelt &
Stoeckenius (12) discovered that the purple membrane contained a retinylidene proton pump
that they named bacteriorhodopsin (BR). Like visual pigments, BR consisted of an apoprotein
that formed a pigment with visible absorption upon binding retinal. Within a few years BR
gained great importance as a simple single-polypeptide primary transporter obtainable in a
stable concentrated form amenable to optical and molecular spectroscopic measurements and
crystallography. Indeed it became the first protein in which transmembrane α-helices were
directly observed in a pioneering application of cryo-electron crystallography (13). Close relatives
of BR were found in other haloarchaea, such as archaerhodopsin-3 (also known as AR-3 or Arch),
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which shows more promiscuous expression in heterologous systems than BR and has found use
as a tool for neural photosuppression in optogenetics (14).

Proteorhodopsins. Proteorhodopsins (PRs) from proteobacteria, the largest subfamily of micro-
bial rhodopsins, are light-driven proton pumps with the typical carboxylate proton acceptors and
donors (Asp-85 and Asp-96 in BR) of haloarchaeal proton pumps. The first PR was discovered
by environmental sequencing of Pacific coastal waters (15) followed by several more from Hawai-
ian surface and deep ocean samples (16). Now thousands of PR genes have been identified in
essentially all of the Earth’s oceans by shotgun sequencing (17). Estimated from Mediterranean
Sea samples, 13% of the bacterial cells in the photic zone contain a PR gene (18). The measured
concentration of PRs in picoplankton (16) indicates that solar energy absorption by PRs on the
Earth’s surface waters continuously converts light energy into transmembrane proton electro-
chemical potential at a rate of ∼1013 W, roughly equal to the energy consumption rate of fossil
fuels by the human population. Remarkably this significant amount of solar energy capture was
completely unknown before 2000 (15), when chlorophyll-based photosynthetic systems were the
only known source of energy-transducing membranes in the ocean. Structure/function analysis
of PRs revealed a property previously unknown in microbial rhodopsins: oligomeric forms with
cross-protomer interactions with the photoactive site of adjacent protomers modulating transport
function (19, 20).

Other proton-pumping rhodopsins. In addition to large numbers of PRs in proteobacteria, there
are PR-related rhodopsins in actinobacteria primarily in freshwater lakes (21) and several examples
of PR-like variants termed xanthorhodopsins, unusual in that they contain carotenoid accessory
pigments serving as light-harvesting pigments for energy transfer to the retinylidene chromophore
(22). Eukaryotic microorganisms, some fungi and algae, also contain rhodopsin proton pumps
(23), although the majority of eukaryotic type 1 rhodopsins currently studied have photosensory
function.

Recently a type 1 rhodopsin from a deep ocean marine proteobacterium was reported to
function as a light-driven inward proton pump when expressed in Escherichia coli and cultured
mammalian cells (24). The physiological function of an inward proton pump in a bacterium
remains an interesting mystery because in contrast to other proton pumps it would dissipate the
transmembrane proton electrochemical gradient and hence decrease cellular energy.

Chloride pumps. In 1977 Matsuno-Yagi & Mukohata (25) reported the existence of light-
induced proton fluxes in a variant of H. salinarum cells with little or no BR, and in 1981 Mukohata
& Kaji (26) showed that the activity was caused by a distinct pigment they named halorhodopsin
(HR). In contrast to BR, which carries out electrogenic ejection of protons from the cell, HR
illumination causes a passive influx of protons indicating membrane hyperpolarization by elec-
trogenic transport of another ion. They and other groups suggested HR was a primary Na+

pump or a BR-like pigment coupled to a H+/Na+ antiporter, but Schobert & Lanyi (27) discov-
ered by light-scattering measurements and ion dependencies of photocurrents in cells that HR
was an inwardly directed Cl− pump. A dramatic demonstration of the close relationship of the
haloarchaeal HR chloride transport and BR proton-pumping mechanisms was the finding that
a single mutation of BR, replacement of its protonated Schiff base proton acceptor Asp85 with
threonine (which is in the homologous position in HR), converted BR into a light-driven chloride
pump (28). Like the proton pump Arch, HR from Natronomonas pharaonis (NpHR; the first two
italicized letters indicate the genus and species name of the source organism) has been used in
many studies as an optogenetic suppressor of neural firing (29).
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An inwardly directed chloride-pumping rhodopsin (ClR), the primary structure of which shows
a phylogenetic lineage very distant from HR, was recently found in a marine bacterium (30,
31). UV-visible absorption measurements indicate that the ClR binds Cl− near the retinal chro-
mophore (32), as is known for HR. A common property of ClR and HR is that the Schiff base
remains protonated throughout the pumping cycle, whereas Cl− uptake kinetics differ (32). A
crystal structure of the ClR from Nonlabens marinus shows greater similarity to the structure of
the light-driven Na+ pump KR2 from Krokinobacter (also known as Dokdonia) eikastus (33) than to
those of archaeal ion pumps, consistent with the convergent evolution of Cl− pumping within the
archaeal and eubacterial type 1 rhodopsin subfamilies.

A third version of Cl−-pumping rhodopsins that not only combines structural features of BR
and HR but also contains a number of unique residues, was discovered in cyanobacteria (34).
In this protein the proton donor residue, Asp96 in BR, is conserved, in contrast to haloarchaeal
HRs and ClR. Its functional characterization has just begun but has already suggested a unique
mechanism of Cl− transport involving an interplay of Cl− and H+ transfers, which is significantly
different from that found in HR (A. Harris, A. Hughes-Visentin, M. Saita, T. Resler, R. Maia,
F. Sellnau, A.-N. Bondar, J. Heberle, and L.S. Brown, personal communication).

Sodium pumps. An outwardly directed sodium ion pumping rhodopsin, named KR2, was dis-
covered in 2013 in the marine flavobacterium K. eikastus (35). It was recognized by light-induced
Na+-dependent passive H+ influx upon expression of the corresponding gene in E. coli, as well as
by major effects of Na+ on the photochemical reaction cycle of the purified protein. KR2 contains
the NDQ motif near the retinylidene Schiff base noted in marine eubacteria (36), so named for
its contrast with the DTD and DTE motifs in haloarchaeal proton pumps and proteorhodopsins.
More than 10 homologs, termed NaRs (Na+-pumping rhodopsins), have been reported (11), and
functional studies in E. coli cells expressing four different NaRs have been conducted (30, 35, 37,
38). KR2 was shown to outwardly pump H+ in the absence of Na+ in the medium (35), and its
pumping of either ion was shown to involve a BR-like outward displacement of helix 6 during the
photocycle (39), indicating a close mechanistic relationship to rhodopsin proton pumps. Nearly
all measurements of Na+ and H+ transport by NaRs have been conducted by recording passive
and active light-driven proton fluxes, respectively, in live cell suspensions of the native organism
or heterologously transformed E. coli. IaNaR, from Indibacter alkaliphilus, has been studied in a
purified in vitro unilamellar vesicle system that demonstrated that the dual light-driven H+/Na+

pumping functions are intrinsic to the single rhodopsin protein and provide a system in which ion
flux measurements are not influenced by bioenergetic processes in living cells (38).

In the conserved NDQ motif of NaRs versus the DTD motif of BR, Asn112 in KR2 corresponds
to D85 in BR, which is the retinylidene protonated Schiff base counterion and acceptor of the Schiff
base proton in the BR pumping cycle. BR’s Thr89 is not directly involved in proton transfer, but
the corresponding residue Asp116 in KR2 has been shown to be the Schiff base proton acceptor
(11). During the photocycle of BR, the proton transfers from the Schiff base to Asp85 on the
extracellular side of the protein, and Schiff base reprotonates from Asp96, the third D in the DTD
motif, from the cytoplasmic side, which causes vectorial translocation of the proton across the
membrane. In contrast, a mechanism of flipping of the proton acceptor has been proposed for
Na+ transport on the basis of a KR2 crystal structure (40). In the model, the ionized Asp116
serves as the Schiff base counterion and during the pumping cycle the protonated Asp116 flips
away from the Schiff base, creating a space for Na+ during its transport through the protein.
Reorientation of Asp116 toward the Schiff base was observed after soaking the crystal, obtained in
acidic conditions, in alkaline conditions. In agreement, a simultaneously reported crystal structure
in acidic conditions showed Asp116 oriented away from the Schiff base (41). A central role for
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Asp116 was proposed from the original findings that the mutation D116N red-shifts the pigment
40 nm and blocks light-induced Schiff base deprotonation and ion pumping (35).

Sensory Rhodopsins: Diverse Signaling Mechanisms

The first type 1 rhodopsin dedicated to sensory signaling rather than ion transport was discovered
as a phototaxis receptor in H. salinarum in 1982, 10 years after the discovery of BR in the same
organism. The light sensor, now known as sensory rhodopsin I (SRI), was followed by the finding
of sensory rhodopsin II (SRII) in the same organism. Later, other sensory rhodopsins (channel-
rhodopsins) were found to mediate phototaxis in the green alga Chlamydomonas reinhardtii, and
a third form of type 1 rhodopsin, an enzymerhodopsin found in fungi, also appears to mediate
phototaxis behavior. All of these sensory rhodopsins differ in their mechanisms of signaling to
the motility apparatus of their host organism. Also a sensory rhodopsin implicated in regulation
of gene expression was found in cyanobacteria, which also exhibits a different mode of signaling.
Despite their differing signaling modes, sensory rhodopsins share features in their photochemical
reaction cycles, including relatively stable states for signaling not found in rhodopsin ion pumps.

Sensory rhodopsin/transducer complexes. Light-modulated swimming behavior (phototaxis
in the general sense of the term) is a well-known photosensory response among motile microor-
ganisms. The first identified phototaxis receptor, which was also the first light-sensing receptor
identified in a microorganism, was found in studies of H. salinarum photomotility responses (42,
43). Initially termed slow-cycling rhodopsin, the pigment is now known as SRI. SRI and SRII are
subunits of membrane-embedded 2:2 complexes with cognate transducer proteins to which they
transmit photosignals. Homologs of SR and transducer pairs were later found in other archaeons
and in bacteria. A sensory rhodopsin from a cyanobacterium termed Anabaena sensory rhodopsin
(ASR) binds to an unrelated cytoplasmic transducer.

Sensory rhodopsin I. The photochemical reactions of SRI (44) differed fundamentally from those
of the other microbial rhodopsins known at the time, the ion pumps BR and HR. In the pumps,
linear unbranched photochemical reaction cycles have been optimized by evolution to be rapid
(∼10 ms half time) with short-lived intermediates. In SRI a signaling conformer of the protein
accumulates as a long-lived (∼800 ms) spectrally shifted intermediate in a one-photon photo-
chemical reaction cycle. The signaling conformer is photochemically reactive and is efficiently
photoconverted back to the unphotolyzed (dark) state in ∼70 ms by a second photon excitation
of the molecule. This photochromic interplay of 1-photon formation and 2-photon reversion
results in color-sensitive signaling that enables color-discriminating phototaxis by the organ-
ism (44). The single SRI molecule guides the cell toward higher intensities of long wavelength
light useful for photoenergy capture by its light-driven pumps while also guiding the cell away
from near-UV light, minimizing photooxidative damage. Relatively long-lived photoreversible
signaling states are also a general property of sensory rhodopsins, discovered later. For example,
channelrhodopsins exhibit a similar color-discriminating mechanism with similarly slow kinetics
that enable the experimenter to control the lifetime of the spectrally shifted signaling conformer
(the conductive state) by 1- and 2-photon excitation. The channelrhodopsins therefore can be
used in optogenetics as bistable optical switches (45), photoactivated by one color of light and
rapidly reset to the dark state by light of a different wavelength.

The methylated membrane protein HtrI (halobacterial transducer for SRI) was identified in
the SRI signaling pathway by mutant analysis, and its gene cloned from a partial amino acid residue
sequence obtained from the protein (46). The htrI gene was found to be immediately upstream of
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sopI (sensory opsin I), which had been cloned previously. The genes encoding SRII and HtrII are
similarly arranged, and the sensory rhodopsin/transducer complex (SR-Htr) bicistronic operons
are also found in eubacteria. HtrI’s very close homology to chemotaxis receptors (46), combined
with behavioral effects of mutation of chemotaxis signaling components (47), led to the currently
accepted signaling pathway from the receptors to the flagellar motor (9).

Sensory rhodopsin II. Takahashi and coworkers (48) proposed the existence of a second pho-
totaxis receptor in H. salinarum on the basis of the action spectrum for repellent responses in
highly aerobic conditions in which SRI (and BR) are produced at much lower levels. Spectro-
scopic and biochemical analyses identified the new pigment, which was simultaneously named
phoborhodopsin (49) and SRII (50).

The first atomic structures of sensory rhodopsins—of SRII (51, 52), with a fragment of its Htr
transducer (53), and later of ASR (54)—revealed that these sensory rhodopsins are built on the
same scaffold as the light-driven proton pump BR with photoactive sites nearly identical to that
of BR. SRI is capable of efficient but slow light-driven proton transport, but in its natural state its
bound transducer HtrI inhibits its pumping activity (55). Transducer-free SRII is also capable of
proton pumping (56). Structural changes caused by HtrII, its cognate transducer, binding to SRII
have been identified by mutagenesis, vibrational spectroscopy, and motility behavior studies, after
which the elucidation of the chemical requirements for signaling by SRII was sufficiently precise
to enable mutagenic conversion of BR into a robust phototaxis receptor, signaling through the
SRII transducer with 35% of native SRII efficiency (57).

Functional conversion by mutagenesis of BR into HR function (28), SRI into BR function (55),
BR into SRII function (57), and recent studies of interconversions of ion specificity in eubacterial
pumps (34, 58) have shed light at the atomic level on how natural selection has modified their
common design to create the distinctly different consequences of their photoactivation. Intercon-
versions illustrate that even small changes are capable of modifying existing protein scaffolds to
create distinctly different protein chemistry, as recently discussed (59).

Anabaena sensory rhodopsin: membrane-to-cytoplasm signaling. The first sensory rhodop-
sin found in eubacteria (the cyanobacterium Anabaena, also known as Nostoc) was Anabaena sensory
rhodopsin (ASR), so named due to its lack of pumping sequence motifs and its cotranscription from
an operon with a soluble protein (later named ASR transducer, ASRT) that binds to it and alters
its photoreactions (60). ASR exhibits photoreactions currently unique among type 1 rhodopsins in
that illumination of its all-trans retinylidene chromophore form (with the position of the absorption
maximum, λmax, 550 nm for detergent-purified protein) produces a stable spectrally shifted 13-
cis-retinal form (λmax 537 nm), the illumination of which reconverts to the all-trans-retinal form
(54, 61). This type of photochromism is analogous to the well-known type in phytochromes.
The physiological function of the ASR–ASRT pair is not fully elucidated. A study in E. coli
showed that the ASR–ASRT complex could regulate expression of a reporter gene controlled by
an Anabaena phycocyanine promoter (62). More recently, indicating physiological relevance of the
E. coli study, biochemical and genetic evidence in Anabaena point to a role of ASRT in chromatic
adaptation through regulated expression of genes encoding components of the phycobilin complex
and a circadian clock gene (63). Specific reviews on ASR photochemical studies and physiological
function are available (64, 65).

Enzymerhodopsins: kinases and cyclases in algae and fungi. The microbial rhodopsins dis-
cussed above are single-domain proteins. In both CCRs and ACRs, discussed in the next sections,
the rhodopsin domain is linked to a bulky C-terminal extension in which no known functional
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domains have been recognized. However, the genomes of some algae and fungi encode
multidomain proteins, termed enzymerhodopsins, that comprise an N-terminal rhodopsin do-
main followed by domains found in proteins known to perform enzymatic functions. In proteins
of this class a rhodopsin domain is linked to domains homologous to proteins of two-component
signaling systems (histidine kinases and response regulators) and/or a guanylyl/adenylyl cyclase
domain (Figure 3).

Algal histidine kinase rhodopsins. The first members of this class were identified in the genome
of the green alga C. reinhardtii (66), which contains at least four such genes encoding histidine
kinase rhodopsins (HKRs). HKR sequences have also been found in the genomes of several other
algae (67).

HKR1 from C. reinhardtii is currently the only HKR, the rhodopsin domain of which has
been heterologously expressed in Pichia, purified, and spectroscopically studied (68). It is a pho-
tochromic pigment with two forms, Rh-UV and Rh-Bl, with absorption maxima at 380 nm and
490 nm, respectively, that are efficiently interconverted by light. In the dark, thermal equili-
bration of the two forms occurred with a time constant of ∼3 days at room temperature (69).
Resonance Raman spectroscopy showed that Rh-UV contains 13-cis, 15-anti retinal bound to the
apoprotein without forming a protonated Schiff base (68). Photoconversion from Rh-UV to Rh-Bl
proceeds in a branched reaction leading to two thermally interconvertible forms with protonated
retinylidene Schiff bases containing 13-trans, 15-anti or 13-cis, 15-syn retinal. Rh-Bl shows typical
photochemistry as observed in other microbial rhodopsins. HKR1 fragments extending beyond
the rhodopsin domain failed to fold properly in the heterologous systems tested (68), so HKR1’s
enzymatic function could not be studied. Immunofluorescent microscopy showed its localization
in the eyespot of C. reinhardtii (68), but no rhodopsins aside from CCRs have been found in this
organelle by proteomic analysis (70). Cellular functions of HKR1 are not known.

Fungal guanylyl cyclase rhodopsins. Motile zoospores and gametes of water molds such as
Allomyces macrogynus and Blastocladiella emersonii exhibit phototaxis similar to those of green flag-
ellate algae. The action spectrum of this response and its reconstitution after bleaching with ex-
ogenous retinal suggested a rhodopsin photoreceptor(s) (71, 72). The genomes of these microbes
and their relative Catenaria anguillulae harbor genes that encode enzymerhodopsins consisting of
a rhodopsin domain and a guanylyl cyclase domain (without histidine kinase or response regulator
domains) (72). In contrast to all other type 1 rhodopsins, the rhodopsin domains of all five known
fungal enzymerhodopsins (three from A. macrogynus and one each from B. emersonii and C. anguil-
lulae) contain a predicted additional transmembrane helix in the N terminus (helix 0) (73). The
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cytoplasmic localization of the N-terminal region has been confirmed by bimolecular fluorescence
complementation, and its role in inhibition of the dark cyclase activity has been demonstrated by
measurements from an N-terminally truncated version of the protein (73).

The results of pharmacological manipulation of the intracellular cGMP concentration and
immunofluorescence microscopy in intact B. emersonii zoospores suggest the role of enzymer-
hodopsin (BeGC1, rhodopsin guanylyl cyclase from B. emersonii ) as a phototaxis receptor
(72). It is thought that BeGC1 initiates a signaling cascade that leads to the elevation of the
intracellular cGMP concentration, which regulates opening of cGMP-gated K+ channels identi-
fied in the genome of B. emersonii (74).

Unlike algal HKRs, the entire codon-optimized coding regions of fungal enzymerhodopsins
have been functionally expressed and studied in animal cells. BeGC1 [under the names RhGC
(75) and CyclOp (73)] produced the most robust elevation of the intracellular cGMP levels upon
illumination of all tested homologous proteins, whereas its dark cyclase activity was very low
and no intrinsic ion channel or pumping activity was detected (73, 75). High specificity of its
cyclase domain for cGMP over cAMP (cyclic adenosine monophosphate) was demonstrated by
coexpression with two different subtypes of the cyclic nucleotide-gated channel, each of which is
specifically gated by one of the two cyclic nucleotides (75). Flash spectroscopy of the dark-adapted
BeGC1 (λmax 525 nm) produced at least three photocycle intermediates, including a blue-shifted
M-like state characteristic of a deprotonated retinylidene Schiff base (75).

A third member of the enzymerhodopsin class, a gene encoding a microbial rhodopsin domain
followed by a phosphodiesterase (PDE) domain, has been found in the genome of the choanoflag-
ellate Salpingoeca rosetta (72), but studies of its molecular characteristics have not yet been reported.

Cation channelrhodopsins in green algae (chlorophyte CCRs). Photoreceptors that guide
phototaxis of green flagellates are so far the only eukaryotic microbial rhodopsin sensory functions
that have been experimentally verified in native cells. The main reason for recently increased
interest in these proteins is their use as optogenetic tools to depolarize the plasma membrane
of excitable cells. Electrophysiological studies on chlorophyte CCRs in heterologous membranes
under voltage clamp conditions have facilitated understanding of their conduction mechanisms,
and investigation of detergent-purified proteins by optical and molecular spectrocopic methods
have contributed to understanding of their structure-functional coupling.

General properties and functions in native cells. The photoinduction of electrical potentials
involved in phototaxis was discovered by electrophysiological recording from algal cells (76). The
first report regarding the chemical nature of the photoreceptors was the demonstration in 1984 that
retinal restored phototaxis to carotenoid-deficient C. reinhardtii mutants (77). The number and
molecular identity of the phototaxis receptor proteins remained elusive until two type 1 rhodopsins
cloned from partial sequences in a C. reinhardtii expressed sequence tag database were each shown
to mediate phototaxis responses by depolarizing the algal membrane upon illumination (78). When
expressed in animal cells, the algal phototaxis receptors function as light-gated cation channels,
for which they were named channelrhodopsins (ChR1 and ChR2) (79, 80). The use of CrChR2
for photoinduction of action potentials in neurons (81) brought about the era of optogenetics (3,
4). Because the separate class of neuron-silencing ACRs has been recently discovered (82; see the
next section), here we refer to cation channelrhodopsins as CCRs.

CCRs in green algae are the only group of eukaryotic microbial rhodopsins the physiological
function of which in native cells is well characterized. Depolarization of the plasma membrane by
CCRs triggers a signaling cascade that eventually leads to initiation of photomotility responses
(83). The CCR-mediated photoreceptor current in algal cells comprises two components (84).
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The fast (early) component is attributable to the later-shown direct channel activity of the CCRs.
The slow (late) component is carried by Ca2+ ions and makes a major contribution to membrane
depolarization, extending the photosensitivity of the algae by three orders of magnitude (85).
RNAi knockdown experiments in C. reinhardtii demonstrated that both CCRs play the role of
photophobic as well as phototaxis receptors (78, 86) and that short wavelength–absorbing CrChR2
predominantly activates secondary Ca2+channels by a yet-unknown mechanism (85).

More than 50 different natural CCRs from different chlorophyte species are known at present,
but only a few of them have been investigated in detail (59, 87). Most mechanistic studies have been
carried out using CrChR2 as a prototype CCR and are summarized in recent excellent reviews
(10, 88).

The photoactive site and proton transfer reactions. An X-ray crystal structure of a CCR chimera
made of CrChR1 and CrChR2, termed C1C2, shows that its photoactive site strongly resembles
that of BR and NpSRII (89). It is generally accepted that in CCRs the photocycle initiated by the
all-trans form leads to channel opening, but functional relevance of the photocycle of the 13-cis
form is currently debated (90, 91). The ultrafast processes upon CrChR2 photoexcitation have
been reviewed elsewhere (10). In all currently studied CCRs, all-trans to 13-cis retinal isomeriza-
tion is manifested by the formation of a red-shifted intermediate(s) (termed P500 according to
the wavelength position of its absorption maximum in CrChR2) (92–94). Its decay leads to the
appearance of an M-like intermediate (P390) blue-shifted by deprotonation of the Schiff base (95,
96). M formation proceeds in two kinetically distinct phases (93, 97, 98), suggesting the presence
of two substates probably similar to M1 and M2 intermediates in the photocycle of BR.

Electrophysiological measurements of intramolecular proton transfers in CaChR1 and VcChR1
from Chlamydomonas augustae and Volvox carteri, respectively, showed that both active site carboxy-
lates can serve as Schiff base proton acceptors (97). A novel two-step proton relay mechanism that
transfers a proton from the Asp85 homolog to the Asp212 homolog during the primary photo-
transition and from the Schiff base to the Asp85 homolog during M formation has been proposed
for CaChR1 on the basis of FTIR (Fourier transform infrared) difference spectroscopy (99). In-
tramolecular proton transfer currents are not detected by patch clamp recording from CrChR2
and other high-efficiency CCRs, although an outward intramolecular proton transfer is observed
in weaker CCRs such as CaChR1 (97). The results from FTIR spectroscopy of CrChR2 are some-
what conflicting. One study has concluded that only the Asp212 homolog serves as the Schiff base
proton acceptor in this protein (98), whereas another has reported parallel protonation of both
active site carboxylates simultaneously with Schiff base deprotonation, thus suggesting that both
of these residues might act as proton acceptors in CrChR2 also (100).

Conversion of the M intermediate to a red-shifted N/O species (P520) reflects reprotonation of
the Schiff base (95, 96). Time-resolved FTIR spectroscopy has identified Asp156 (corresponding
to Asp115 in BR; Figure 4a) as the proton donor in CrChR2 (98, 101). However, this conclusion
has been challenged by the observation that the kinetics of Asp156 deprotonation do not match
the Schiff base reprotonation (88). FTIR spectroscopy suggested a hydrogen-bonding interaction
between Asp156 and Cys128 (Thr90 in BR), the so-named DC gate (102) disruption of which
results in a dramatic reduction of the channel closing rate (103).

Flash photolysis reveals complexity due to branching within CCR photocycles. In both CrChR2
(98) and PsChR2 (94), P520 decays in ∼10 ms but only ∼75% of the molecules return to the unpho-
tolyzed state, whereas the remaining 25–30% convert to the seconds-lifetime P480. Furthermore,
analysis of photochemical conversions in the slow CrChR2_C128T mutant has suggested the
existence of two stable unphotolyzed states, one of which contains all-trans, 15-anti retinal, and
another, 13-cis, 15-syn retinal (104). These forms have been modeled as the parent states of two
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Figure 4
Functionally important residues in chlorophyte CCRs and cryptophyte ACRs. (a) Crystal structure (3ug9) of
C1C2, a CCR chimera made of transmembrane helices 1–5 of CrChR1 and helices 6–7 of CrChR2 with
residues numbered according to CrChR2 sequence. (b) GtACR1 homology model built using 3ug9 as a
template. The side chains are colored according to their identity. Abbreviations: ACRs, anion
channelrhodopsins; CCRs, cation channelrhodopsins; CrChR1 and 2, channelrhodopsins 1 and 2 from
Chlamydomonas reinhardtii; GtACR1, ACR1 from Guillardia theta.

parallel photocycles, each of which contains P390, P520, and P480 intermediates, with the two
photocycles linked by interconversion of the long-lived P480 states. This scheme has also been
extended to the wild type, for which a two-photocycle model was deduced earlier from electro-
physiological data with the difference that the two cycles are connected via unphotolyzed states,
not long-lived P480 states (105). The latter scheme was also suggested by a combination of flash
photolysis, nuclear magnetic resonance, and resonance Raman spectroscopy data (90).

Channel gating. The C1C2 crystal structure of the closed state shows that helices 1–3 and 7
form a water-filled cavity at the extracellular side of the membrane (89). This cavity is blocked
near the Schiff base by the so-named central gate formed by the side chains of Ser63, Glu90,
and Gln258 (CrChR2 numbering; Figure 4a). There is also a constriction (termed the inner
gate) near the intracellular membrane surface formed by the side chains of Tyr70, Glu82, Glu83,
His134, and His265 (CrChR2 numbering; Figure 4a). Large conformational changes in the
peptide backbone occur rapidly upon retinal isomerization (106, 107). Double electron–electron
resonance (DEER) spectroscopy indicated that the intracellular end of helix 2, and of helix 6
to a lesser degree, move outward upon illumination (108, 109). The results of time-resolved
measurements of fluorescence anisotropy are consistent with an outward tilt of helix 2 (110).
Projection maps obtained by cryo–electron microscopy additionally suggested a photoinduced
movement of helix 7 (111). The outward movement of helix 6 (accompanied in BR by more subtle
rearrangements of the cytoplasmic portions of helices 3, 5, and 7) is the major conformational
change that occurs during the M1→M2 transition in BR (112), NaR (39), SRI (113), and SRII
(113, 114). However, structural rearrangement of helix 2 appears to be unique for CCRs and is
thought to play a major role in formation of a conducting pore (100).

P520 is generally accepted as the main conductive state, whereas contribution of P390 (corre-
sponding to BR’s M), which is in equilibrium with P520, has also been implicated (103). Time-
resolved FTIR analysis has shown that water influx upon photoactivation proceeds in two tempo-
rally separated steps with time constants of 10 and 200 μs (115).

Photocurrents of all currently studied CCRs exhibit inactivation (also termed desensitiza-
tion; i.e., a decrease in the photocurrent amplitude to a stationary level during prolonged light
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stimulation). Inactivation is explained by accumulation of the long-lived nonconductive state(s)
P480 (95, 96). A slow (tens of seconds) time course of the photocurrent peak recovery in the dark
reflects slow relaxation of P480 to the unphotolyzed state. The central gate Glu90 deprotonates
during the photocycle and, according to one view, this event initiates formation of the conductive
pore (100, 116). However, other authors have proposed that deprotonation of Glu90 occurs only
during the formation of the nonconductive P480 intermediate (98, 101).

Conductance and selectivity. Stationary noise analysis has yielded the value of 40 femtosiemens as
an estimate of the unitary conductance of CrChR2 (117), and an ∼3-fold greater value was obtained
for PsChR2 from Platymononas (Tetraselmis) subcordiformis (118). All currently tested CCRs are
primarily H+ channels: Their relative permeability for this ion is ∼6 orders of magnitude greater
than that for monovalent metal cations (80). The Na+/H+ permeability ratio is, nevertheless,
different for different ChRs (59). Regardless, under physiological conditions a large fraction of
CCR current is carried by Na+ because the concentration of Na+ in physiological solutions is
several orders of magnitude higher than that of H+ (119).

Utility for optogenetics. CCRs are widely used to depolarize the membrane and stimulate action
potential generation in excitable cells and, less frequently, to alter the intracellular ionic com-
position. Many excellent reviews cover this topic in detail (3, 4, 120, 121); therefore, we touch
upon it only briefly. Despite the great variety of available CCRs, CrChR2 and its derivatives,
such as CrChR2_H134R, remain the most frequently used activation molecules in optogenetic
experiments (122). Extensive engineering efforts have yielded synthetic variants with red- (123) or
blue-shifted absorbance (124), altered current kinetics (45), or increased relative permeability for
individual cation species (125). Moreover, by introducing strategically placed mutations, CCRs
have been converted into light-gated Cl− channels (discussed in the next section). Systematic com-
parative analyses of the optogenetic utility of various natural and artificial CCRs have provided
the guidelines for selection of optimal tools for a particular experimental purpose (126–128).

A promising direction to improve the penetration depth of optical stimulation is two-photon
excitation of CCRs with near-infrared light (129). Promising strategies are being developed for
specific targeting of CCRs to subcellular domains (130), combining two spectrally separated CCRs
for independent optical stimulation of distinct neuronal populations in the same study (87), and
using a CCR as an actuator and an engineered fluorescent microbial rhodopsin as a reporter to
achieve powerful all-optical recording of neuronal activity (131).

Anion channelrhodopsins: natural chloride channels in cryptophyte algae. In addition to
green flagellates, the ability to track light direction was also observed in cryptophyte algae, so their
genomes seemed likely to harbor genes encoding channelrhodopsin-like proteins. However, the
closest structural homologs of chlorophyte CCRs found in cryptophytes turned out to be light-
gated anion channels (ACRs), previously unknown to exist in nature. These proteins generate large
hyperpolarizing photocurrents at membrane potentials above the Nernst equilibrium potential for
Cl− and can be used to suppress neuronal spiking at light intensities far lower than those required
by other currently known inhibitory optogenetic tools.

Conductance and diversity. Photocurrents very similar to those in green flagellates have also
been recorded from the phylogenetically distant phototactic cryptophyte Cryptomonas sp. (132).
The only cryptophyte with a completely sequenced genome is the marine alga Guillardia theta.
Among 53 predicted microbial-type rhodopsins in this organism, a cluster shows closer homology
to chlorophyte CCRs than to other G. theta rhodopsins. Surprisingly, photocurrents generated
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by these rhodopsins upon expression in animal cells were carried exclusively by anions (Cl− under
physiological conditions), with no conduction of protons or metal cations (82). Therefore, these
proteins were termed anion channelrhodopsins (ACRs).

The unitary conductance of GtACRs estimated by stationary noise analysis was ∼25-fold
greater than that of CrChR2 (82). The spectral sensitivities of GtACR1 and GtACR2 photocurrents
peak at 515 and 470 nm, respectively. Another cryptophyte alga, Proteomonas sulcata, contained
a channelrhodopsin initially named PsChR1 (87), which was renamed PsuACR1 (also known as
PsACR1) when shown to exclusively conduct anions (133, 134). Screening sequences obtained
by ongoing transcriptome sequencing projects (135, 136) expanded the list of functional ACRs
to include 20 proteins derived from various marine cryptophyte species. These proteins showed
large variation in the amplitude, spectral sensitivity, and kinetics of their photocurrents (162). One
variant, ZipACR, is particularly promising for inhibitory optogenetics because of its combination
of large current amplitudes and an unprecedentedly fast conductance cycle (current half-decay
time is 2–4 ms depending on voltage). ZipACR expressed in cultured rat hippocampal neurons
enabled precise photoinhibition of individual spikes in trains of up to 50 Hz frequency (162).
Neither subcellular localization nor functions of ACRs in algal cells have yet been tested.

Residue determinants of anion selectivity. A conspicuous feature of ACRs is a noncarboxylic
residue in the position of the primary proton acceptor from the retinylidene Schiff base of BR
(Asp85; Figure 4b), as is also observed in haloarchaeal HRs and chloride pumps from eubacteria.
In GtACR1, replacement of the corresponding Ser with Glu (found at this site in most CCRs) led
to a dramatic reduction of the current amplitude in response to the first excitation flash, suggesting
a critical importance of a noncarboxylate residue at this position for ACR channel function (137).
However, the lack of a carboxylate residue in this position itself does not confer anion selectivity:
For example, ChR1 from Dunaliella salina (DsChR1) has an Ala but is a proton channel (138).

Glu90 and Asn258 of the central gate in CCRs are also conserved in all currently confirmed
ACRs, and the position of Ser63 is occupied by Ser or Cys (Figure 4b). Glu90 is a major determi-
nant of cation selectivity in CCRs (116, 139). However, the presence of Glu in the corresponding
position in ACRs (Figure 5) is obviously not a barrier to anion permeation, and its replacement
with Gln or Arg does not change anion selectivity of GtACR1 (140). Therefore, the Ser, Glu, Asn
triad does not appear to function as an ion-selective gate in ACRs.

In contrast to the central gate residues, only one of the five residues that form the inner gate in
CCRs (Glu82) is found in all ACRs, but none of the other four (Tyr70, Glu83, His134, and His265)
is conserved (Figure 4b). Whereas replacement of Glu82 with Ala caused a strong reduction of
photocurrents in CrChR2, the influence of the corresponding mutation in GtACR1 was much
milder (140), which suggests that this conserved residue also plays different roles in ACRs and
CCRs, as does the homolog of Glu90.

Sequence comparison with engineered Cl−-conducting mutants of CCRs. A need for more effi-
cient inhibitory optogenetic tools than rhodopsin proton and chloride pumps instigated molecular
engineering efforts to confer anion conductance to CCRs. One variant named ChloC was created
by introducing an Arg at the position of the central gate Glu (the E90R mutation) in CrChR2 (139).
Although permeant for Cl−, ChloC also conducted protons, but its H+ permeability could be elim-
inated by introducing two additional mutations (141). The second variant (iC1C2) was created by
introducing nine mutations along the putative cation permeation path of C1C2 to minimize its
negative charge (142). This version also showed residual H+ permeability, but further mutations
resulted in iC++ that could track Cl− gradients more faithfully (143).

Although engineering of anion conductance in CCRs was a notable achievement that confirmed
fundamental predictions of a structure-informed electrostatic model for CCR pore selectivity,
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Figure 5
Helix 2 sequence logos of chlorophyte CCRs and cryptophyte ACRs created using WebLogo 3 as described
in Reference 153. The overall height of each letter stack is proportional to the sequence conservation at that
position, and the height of each letter is proportional to the frequency of the corresponding amino acid
residue at that position. Acidic residues are red, and basic residues are blue. The numbers on top are those of
the residues according to the CrChR2 sequence. Abbreviations: ACRs, anion channelrhodopsins; CCRs,
cation channelrhodopsins; CrChR2, channelrhodopsin 2 from Chlamydomonas reinhardtii.

comparison of the mutations introduced in CCRs to convert them into Cl−-conducting channels
with the corresponding positions in natural ACRs reveals dramatic differences. The most informa-
tive difference is universal conservation of Glu90 (CrChR2 numbering) in natural ACRs, whereas
in all engineered Cl−-conducting CCR variants this Glu needed to be replaced with a neutral
or even positively charged residue. Furthermore, out of two positions at which positive charges
were introduced in iC++, one (Gln117 in CrChR2) is occupied with a neutral residue and another
(Val242 in CrChR2) with a negatively charged residue in all natural ACRs. These mismatches
show that, unlike artificial Cl−-conducting mutants, natural ACRs are not CCRs with just a few
mutations conferring anion selectivity (144) but are a truly distinct family of channelrhodopsins
(Figure 6).

Gating mechanisms. Kinetic analysis of photocurrents generated by GtACR1 under single
turnover conditions revealed that its conductance comprises two different mechanisms, one char-
acterized by a fast rise and slow decay of photocurrents and another with a slow rise and fast decay
(140). The two mechanisms of GtACR1 gating exhibited opposite dependencies on the membrane
voltage and the bath pH. Mutant screening revealed that deprotonation of Glu68, the homolog
of Glu90 in CrChR2, to the extracellular side of the membrane is involved in fast closing of the
channel.

Remarkably, when a positive charge was introduced at this site by the E68R mutation, channel
gating was reversed (i.e., the channel was open in the dark and closed in the light) (140). No such
form of a channelrhodopsin had been reported previously, but a similar functional inversion (from
attractant to repellent signaling) by a single point mutation either of the photoreceptor itself or
of its cognate transducer has been observed in haloarchaeal SRI (145–149). In this case, a switch
from the C (retinylidene Schiff base accessible from the cytoplasm) to E (Schiff base accessible
from the extracellular space) conformer is responsible for the functional inversion. Similarly, the
inverted function of GtACR1_E68R is likely to result from a mutation-induced inversion of its
slow opening/fast closing gate.
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Figure 6
Structural comparison of chlorophyte CCRs and cryptophyte ACRs. Residues of the retinal binding pocket
of bacteriorhodopsin conserved in each of the two types of channelrhodopsins ( gray), residues conserved in
both CCRs and ACRs ( yellow), residues conserved only in CCRs (blue), and residues conserved only in ACRs
(red ) are shown. The residue conservation pattern is shown using (a) the C1C2 crystal structure (3ug9) and
(b) a GtACR1 homology model built on the 3ug9 template. Abbreviations: ACRs, anion channelrhodopsins;
C1C2, a hybrid CCR made from channelrhodopsin 1 and channelrhodopsin 2 of Chlamydomonas reinhardtii;
CCRs, cation channelrhodopsins; GtACR1, ACR1 from Guillardia theta.

Replacement of Cys102 with Ala in GtACR1 has very little effect on the fast phase of the
current decay but dramatically slows the slow phase, converting GtACR1 into a step-function
channel (140). Cys102 of GtACR1 corresponds to Cys128 of CrChR2, the mutation of which
leads to a similarly large decrease of the current decay rate (45). In CrChR2 the C128X mutations
presumably cause a disruption of the hydrogen bond (DC-gate) that Cys128 is proposed to form
with Asp156 (102); this explanation is supported by the observation that mutation of Asp156
yielded comparable or even greater extension of the channel open time, as did that of Cys128
(103). However, in contrast to CrChR2, mutation of Ser130, which in GtACR1 corresponds in
position to Asp156, has little effect on the current decay rate, which suggests that the effect of the
C102A mutation in GtACR1 is not caused by disruption of a putative hydrogen bond (140).

Photochemical conversions. Photoactive GtACR1, GtACR2, and PsuACR1 could be produced in
Pichia, extracted in nondenaturing detergent, and studied in vitro. A resonance Raman study of
GtACR1 showed that the retinal chromophore exists in an all-trans configuration with a protonated
Schiff base very similar to that of BR (150). The most striking difference between the photocycle
of all three currently tested ACRs and other type 1 rhodopsins is an extremely slow appearance
and decay of a blue-shifted M-like intermediate with a deprotonated retinylidene Schiff base (134,
137). In CCRs, M formation occurs within microseconds to tens of microseconds and precedes
channel opening (92, 96, 97). In contrast, M formation in GtACR1 is >50 times slower than
channel opening, showing that the latter does not require Schiff base deprotonation.

In ACRs the open state is represented by the earlier L-like intermediate that appears on a
sub-millisecond timescale and decays to form M, although a rapid equilibrium between the L and
an open-state red-shifted N/O-like intermediates cannot be excluded. Channel closing correlates
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with formation of M. The fast phase of channel closing temporally corresponds to the depletion of
the L state and consequent generation of M because of the rapid reversible equilibrium between
the L and M intermediates, whereas slow channel closing corresponds to the irreversible decay of
M (and, hence, of L). When Cys102 was mutated to Ala in GtACR1, both M decay and recovery
of the unphotolyzed state became ∼100-fold slower than in the wild type (137), which matched
the influence of this mutation on the slow phase of the photocurrent decay.

In HRs, which have a noncarboxylate residue in the position of Asp85 of BR as do ACRs, Cl−

acts as the protonated Schiff base counterion (151). However, deionization of purified pigment or
substitution of SO4

2− for Cl− in the buffer changed neither the position of the absorption maximum
nor the photocycle of GtACR1, which argues against Cl− being a Schiff base counterion in this
rhodopsin (137). Patch clamp and flash photolysis analysis of the GtACR1_E68Q mutant suggests
that Glu68 likely serves as a counterion and an acceptor of the proton from the Schiff base at
neutral and high pH, or at least facilitates the proton transfer to the acceptor (137). Resonance
Raman spectroscopy data are not consistent with this residue acting as a Schiff base counterion
at neutral pH, but it cannot be excluded that Glu68 deprotonates early in the photocycle and
accepts a proton from the Schiff base during formation of the M intermediate (150). A similar
two-step process has been shown by resonance Raman and FTIR-difference spectroscopy for the
Asp85 homolog in the cation channelrhodopsin CaChR1 (99). The role of Glu68 as a proton
acceptor in GtACR1 is supported by the Glu68 dependence of an outward proton transfer current
evident in a mutant in which the second photoactive site carboxylate, Asp234, is neutralized
(137).

Utility for optogenetics. As of this writing, the most frequently used inhibitory optogenetic tools
are rhodopsin proton and chloride pumps such as Arch (14) and NpHR (29). However, they
transport only one charge across the membrane per captured photon and therefore are of limited
capacity. Their use as optogenetic silencing tools requires high expression levels and light inten-
sities, which can bring about undesired side effects on the health of target cells. In contrast, ACRs
(as well as Cl−-conducting CCR mutants) facilitate ion passage along a water-filled cavity that
is formed within the protein upon photoexcitation and thus are intrinsically more efficient than
rhodopsin ion pumps. Furthermore, they bring the membrane potential to the Nernst equilibrium
potential for Cl−, as do endogenous neuronal ionotropic gamma-aminobutyric acid receptors, and
in this sense are more physiological silencing tools than rhodopsin pumps.

Hyperpolarizing photocurrents generated by GtACR2 at less than a thousandth lower light
intensity were equal to the maximal currents generated by Arch or slow ChloC (82). Robust
inhibition of action potential firing has been demonstrated in cultured hippocampal neurons
expressing GtACR2 (82) and GtACR1-expressing neurons (152). Expression of either GtACR1 or
GtACR2 in Drosophila neurons enabled temporally precise silencing of spikes and inhibition of a
wide range of behavioral and physiological responses in live animals (locomotion, wing expansion,
memory retrieval, and gustation) (153).

However, photoactivation of GtACR1 triggered neurotransmitter release and failed to atten-
uate the evoked response at the presynaptic terminals in cultured rat hippocampal neurons (152),
consistent with the finding that the Cl− concentration maintained in the axon terminals is four to
five times higher than that in the parent cell soma. Therefore, for inhibition of synaptic release,
ACRs will need to be targeted exclusively to somatodendritic membrane domains. Alternatively,
outwardly rectifying ACR variants need to be engineered to prevent Cl− efflux at membrane
potentials below the Nernst equilibrium potential for Cl−.

Optogenetic applications of ACRs are not limited to hyperpolarization of the membrane. In
combination with the hyperpolarizing proton pump ArchT, GtACR2 as well as an engineered
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Cl−-conducting CCR mutant have been used to reduce the intracellular Cl− concentration by
promoting Cl− extrusion from neurons (154). Dynamic changes in the Cl− level have been impli-
cated in many aspects of neuronal physiology and pathophysiology. In particular, elevated neuronal
Cl− loads are associated with epilepsy, and the emerging possibility of their optogenetic correction
paves the way to new treatments of this disorder.

Another research area in which ACRs may find application as optogenetic tools is cardiol-
ogy. Whereas cardiac pacing by light requires membrane-depolarizing, excitatory optogenetics
tools, optogenetic inhibition is needed to study diseases of the heart conduction system or tach-
yarrhythmias. GtACRs have been found more efficient than Arch for silencing of electrical activity
in cultured cardiomyocytes (155). Moreover, GtACRs enabled precise termination of cardiomy-
ocyte action potentials at any time during their repolarization phase by threshold-based closed-
loop optogenetics, which can potentially be used for the development of new treatments for the
life-threatening long QT syndrome (155).

Cryptophyte CCRs: independently evolved cation channels from haloarchaeal ancestors.
A distinct branch on the phylogenetic tree of G. theta rhodopsins consists of nine protein models,
the closest homologs of which in the global nonredundant protein database are haloarchaeal
rhodopsin proton pumps (156). In particular, Asp residues in the positions of the Schiff base
proton acceptor and donor (respectively, Asp85 and Asp96 in BR) are conserved (Figure 7). The
presence of these carboxylates in microbial rhodopsins in general is considered a strong indicator
of proton pumping ability, although counterexamples have been described, such as a rhodopsin
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Helix 7 
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Figure 7
The active site residues of cryptophyte CCRs. (b) A GtCCR2 homology model built on the 2ksy template in
comparison with (a) those of the proton pump BR (1c3w) and (c) chlorophyte CCR C1C2 (3ug9). For clarity
only helices 3 and 7 are shown. Abbreviations: ACRs, anion channelrhodopsins; BR, bacteriorhodopsin;
CCRs, cation channelrhodopsins; C1C2, a hybrid CCR made from channelrhodopsin 1 and
channelrhodopsin 2 of Chlamydomonas reinhardtii; GtACR1, ACR1 from Guillardia theta.

www.annualreviews.org • Microbial Rhodopsins 863



BI86CH34-Spudich ARI 20 May 2017 6:43

from the fungus Neurospora crassa (157). Despite their similarity of sequence to light-driven proton
pumps, when three transcripts from this G. theta cluster and a close homolog from P. sulcata were
expressed in cultured animal cells, they behaved as light-gated cation channels (156).

As discussed in previous sections, helix 2 is critically important for channel gating in chlorophyte
CCRs. Helix 2 contains up to five highly conserved Glu residues, one of which, Glu90 in CrChR2,
plays a crucial role in both channel gating and cation selectivity (100, 139). However, none of these
Glu residues are conserved in cryptophyte CCRs, and their overall helix 2 sequence is highly
divergent from that of CCRs from green algae.

Two unusual representatives of this group are two G. theta CCRs in which homologs of Arg82
(BR numbering), nearly universally conserved in microbial rhodopsins, are substituted by Pro.
Functional characteristics of GtCCR1 and GtCCR2 are very different from other characterized
CCRs. Two processes contribute to the photocurrents generated by these pigments: (a) sodium
channel conductance with strong inward rectification of the current-voltage dependence and
(b) active outward proton transfer, which exhibits a large negative reversal potential and is strongly
suppressed by an increase in the external proton concentration (O.A. Sineshchekov, E.G. Gov-
orunova, H. Li, and J.L. Spudich, manuscript in preparation).

The Schiff base donor position in cryptophyte CCRs is occupied by Asp, instead of His as
in chlorophyte CCRs. Neutralization of this residue caused full suppression of passive chan-
nel activity, demonstrating another crucial difference between the two families of CCRs (O.A.
Sineshchekov, E.G. Govorunova, and J.L. Spudich, manuscript in preparation).

The cryptophyte CCRs reveal that cation channel function can be conferred on the rhodopsin
scaffold in structurally different ways. These proteins have not yet been characterized in detail,
but their identification has already shown that our current view of channelrhodopsins needs to be
updated. At least one of the four currently examined cryptophyte CCRs generated photocurrents
comparable to those of chlorophyte CrChR2, the most often used optogenetic tool (156). The
ongoing transcriptome sequencing projects (135, 136) have uncovered >60 of their homologs in
various cryptophyte species. Some of them may have even higher conductance like their ACR
cousins and offer advantages for optogenetic neural activation.

FUTURE PROSPECTS IN RESEARCH AND CLINICAL OPTOGENETICS

The surprising discovery in the past 2 years of three structurally and functionally distinct fam-
ilies of channelrhodopsins, when only one family, chlorophyte CCRs, had been known for
the prior 15 years, has expanded research opportunities and enabled some prior limitations to
structure/function analysis of channel mechanism to be overcome. It is evident from the early
investigations of the two new classes of channelrhodopsins, ACRs and cryptophyte CCRs, that
their selectivity, conductance, and gating mechanisms differ greatly from those of chlorophyte
CCRs. Hence their elucidation along with further advances on chlorophyte CCRs are likely to
give us a deep understanding of light-gated channel function and evolution. Natural ACRs offer
two clear advantages for channelrhodopsin research. First, one of the main limitations to the study
of chlorophyte CCRs has been their relatively low conductance, and ACRs are the most conduc-
tive light-gated channels known, providing a practical advantage for structure/function analysis.
Second, the availability of an inverted ACR mutant, GtACR1_E68R, open in the dark and closed
by illumination, provides a valuable complement to the wild-type ACR for structure/function
analysis. X-ray crystal structures of both would be fascinating to compare and are almost certainly
necessary for an atomic understanding of the gating mechanism.

Light-gated channel activity of purified GtACR1 incorporated in large unilamellar vesicles
was assessed by measurements of pH changes due to secondary H+ fluxes, which demonstrated
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that this protein retained functionality in synthetic membranes (158). The purified system allows
measurement of channel photocurrents and is amenable to optical and molecular spectroscopic
probes of structural changes. With high time-resolution membrane-embedded voltage sensors,
this system may enable more direct investigation of the coupling between structural changes and
channel gating.

The cryptophyte CCRs have converged on cation channel function via a different evolutionary
route than their distant chlorophyte cousins. Therefore, the mechanistic features shared by these
two very different cation channels will help us understand the core requirements for light-gated
cation conductance.

The physiological function of the cryptophyte channelrhodopsins, and of the large variety of
other type 1 rhodopsins found in individual cryptophyte genomes, remains mysterious. The spec-
tral sensitivity of photomotility responses in cryptophyte algae is consistent with the spectral range
of rhodopsin absorption (132, 159), but given the large number of rhodopsin genes in individual
cryptophyte genomes, probing the cellular roles of rhodopsins, including ACRs in cryptophyte
algae, will require the development of methods for their molecular genetic manipulation, similar
to those used in C. reinhardtii (78).

In addition to the mystery of light-gated anion channel conductance as a previously unknown
phenomenon in nature, ACRs have generated much interest as optogenetic tools because of their
unprecedented photoefficiency to silence neurons by light-gated chloride conduction. As discussed
above, owing to their potency and the variation in the Cl− electrochemical potential in neurons,
work on targeting ACRs to neuronal compartments and engineering of outwardly rectified variants
would be useful to expand their utility as optogenetic tools. Cryptophyte CCRs, in an early stage
of investigation, also may offer new properties for optogenetic use based on their different origins.
Enzymerhodopsins, also little studied, are expected to provide new ways to use light for control of
cell signaling and metabolism, expanding optogenetics with microbial rhodopsins beyond control
of membrane electrical potential.

Clinical optogenetics is in its infancy but can be expected to grow rapidly given its ad-
vantages for gene therapy. Optogenetics enables control of genetically targeted populations of
neurons without affecting other neurons. Therefore optogenetic gene therapy provides a more
precise and less invasive strategy for neuromodulation than pharmaceuticals or electrical im-
plants. The most developed potential therapeutic application of optogenetics is the use of CCRs
to restore vision in retinal degenerative diseases. In several such diseases (hereditable retini-
tis pigmentosa, diabetic retinopathy, and age-related macular degeneration) blindness results
from death of the photoreceptor neurons (rods and cones) (160). The strategy is to express a
neuron-activating CCR in downstream retinal neurons to confer photosensitivity to these com-
ponents of the visual pathway, bypassing the missing or degenerated rods and cones. Animal
studies have proven promising (161), and the first human clinical trials to test gene therapy
with CrChR2 for vision restoration to blind retinitis pigmentosa patients began this past year
(ClinicalTrials.gov Identifier: NCT02556736). The combination of inhibitor and activator op-
togenetic tools may enhance this therapeutic approach since human vision entails an interplay
of photoinhibition and photoactivation of neural pathways, especially in cone-mediated visual
transduction.

Clinical optogenetics necessarily began with a neuron-activating CCR because efficient neuron
inhibitors were not available. The discovery of ACRs opens the way for similar gene therapy for
conditions in which excessive neural firing is involved. Indeed, neuron hyperactivity is centrally
involved either as a cause or as a major symptom in myriad neurological disorders, such as epilepsy,
Parkinson’s disease, autism, tinnitus, migraine, and chronic and post-operative neuropathic
pain.
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