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events (such as action potentials) within speciSummary, 49
fied cells (such as a targeted class of projection
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neurons) in living tissues (such as the brains of
freely behaving mammals). In this chapter, we
focus on the diversity of the microbial opsin genes and the structure–function properties of their
corresponding proteins.

INTRODUCTION
Light is the ultimate source of energy, and a major source of environmental information, for almost
all living things. For this reason, the efficient capture and use of photons is a widespread and
exquisitely evolved process that is represented across all kingdoms of life. Microorganisms have
evolved particularly diverse light-dependent systems to generate energy, avoid maladaptive situations, and identify environments suitable for nutrition and symbiosis, in many cases using different members of the seven-transmembrane-segment opsin gene family. For example, using
microbial opsin genes (which include bacteriorhodopsins, halorhodopsins, sensory rhodopsins,
and channelrhodopsins) (Fig. 1), prokaryotes can transduce light to shift proton gradients, modulate chloride balance, or switch flagellar motor direction, whereas motile algae transduce light to
change flagellar beating to direct locomotion toward environments optimally illuminated for their
photosynthetic requirements.
The central operating principle of these elegant molecular machines for ion flux is their unitary, simple nature: They combine the two tasks of light sensation and ion flux into a single pro-
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FIGURE 1. Overview of type I microbial rhodopsins. Bacteriorhodopsin and proteorhodopsins pump protons from the
cytoplasm to the extracellular medium, whereas halorhodopsins pump chloride into the cytoplasm; all three change
the membrane voltage in the same direction. In sensory rhodopsins, the internal proton movement is converted to
conformational changes that drive signaling cascades. Algal channelrhodopsins flux cations across the membrane in
both directions but always along the electrochemical gradient of the transported ions. In sensory and channelrhodopsins, proton translocation within the protein is required for efficient photocycle progression, but these protons
are not necessarily exchanged between the intra- and extracellular space.

tein (with a bound small organic cofactor) encoded by a single gene (Oesterhelt and Stoeckenius
1971). Because of this unitary operating principle, the diverse and efficient microbial opsins have
(in retrospect) always had potential for application to neuroscience. However, this potential
remained latent for several decades after discovery; many technical challenges needed to be overcome for this possibility to be realized. It has since been shown that expressing microbial opsin
genes in neurons can enable millisecond-precision optical control of genetically targeted neuronal
populations in mammals (Boyden et al. 2005; Li et al. 2005; Ishizuka et al. 2006; Adamantidis et
al. 2007; Zhang et al. 2007, 2008).
This approach, which we termed “optogenetics” (Deisseroth et al. 2006), is fundamentally distinct from earlier designs for optical control (Kramer et al. 2005; Miesenböck and Kevrekidis 2005).
It capitalizes on the portability of microbial opsins in efficiently coding for light sensation and effector function within a single gene, and the endogenous presence of the essential organic cofactor retinal in all vertebrate tissues tested, including brain. Thus, the single-component nature of the system
is preserved, and no exogenous chemicals need to be added. Furthermore, neurons transduced with
opsins are responsive to visible-spectrum light with biologically well-tolerated wavelengths and
intensities. Also, the ability to deliver temporally precise light pulses to deep mammalian tissues in
vivo with novel, engineered optical devices provides a great degree of experimental versatility.
Together, these properties have triggered a surge of interest not only into immediate neuroscience
applications, but also into using genomics and molecular engineering to expand the repertoire of
tools and generate novel classes of functionality for neuroscience. Neuroscience applications will be
reviewed in subsequent chapters (Chapters 79 and 80); here we focus on the fundamentals of microbial opsin gene relationships and the structure–function properties of the ancient and powerful class
of proteins encoded by these genes.
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COMMON PRINCIPLES OF OPERATION
All opsins require retinal, a vitamin A–related organic cofactor that serves as the antenna for photons, to function (Fig. 2A); when retinal is bound, the functional opsin proteins are termed
rhodopsins. After retinal has diffused into the binding pocket of the seven-transmembrane-helix
oval, it is covalently attached to a conserved lysine residue of helix 7 by formation of a protonated
retinal Schiff base (RSBH+) (Fig. 2A). The ionic environment of the RSBH+, defined by the residues
of the binding pocket, dictates the spectral and kinetic characteristics of each individual opsin. Upon
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FIGURE 2. Photoreaction mechanisms. (A) Distinct configurations of the retinal Schiff base (RSB). (Top) Retinal in the
all-trans state, as found in the dark-adapted state of microbial rhodopsins and in the light-activated forms of type II
rhodopsins of higher eukaryotes. (Middle) Upon absorbing a photon, protonated microbial RSB converts to the 13-cis
retinal configuration. (Bottom) 11-cis retinal is found only in type II rhodopsins, where it binds to the opsin in the dark
state before isomerizing to the all-trans position after photon absorption. (B) The photocycle of bacteriorhodopsin (BR)
is initiated from the dark-adapted state; photon absorption activates a sequence of photochemical reactions and structural changes represented by the indicated photointermediates. Also shown are the configuration of the RSB at each
step (red) and the wavelength at which each intermediate absorbs light maximally (blue). (C) Summary of proton transport reactions during the BR photocycle. Photon absorption (1) initiates the conformational switch in the RSB, leading to transfer of a proton to Asp-85 (2), release of a proton from the proton release complex (PRC) (3), reprotonation
of the RSB by Asp-96 (4), uptake of a proton from the cytoplasm to reprotonate Asp-96 (5), and the reprotonation of
the PRC from Asp-85 (6). (D) Light-induced switching of dipole orientation in response to photon absorption in BR,
ChR, and HR. The configuration switch triggers the transfer of the RSB proton to Asp-85 or Glu-123 in BR or ChR2,
respectively. In HR, dipole switching facilitates the transfer of a Cl− ion from the cavity formed between the RSB and
Thr-143, to a Cl− binding site cytoplasmic to the RSB, enabling the key transport steps of these pumps.
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absorption of a photon, retinal isomerizes and triggers a wave of conformational changes within the
opsin partner. The photoisomerized retinal is the trigger for all subsequent structural rearrangements and all activities these proteins perform.
Opsin genes are divided into two distinct superfamilies: microbial-type opsins (type I) and animal-type opsins (type II). Although both families encode seven-transmembrane structures,
sequence homology between the two is practically nonexistent; homology within families, however,
is high (25%–80% residue similarity) (Man et al. 2003). Type I opsin genes are found in prokaryotes, algae, and fungi, where they control diverse functions such as phototaxis, energy storage, development, and retinal biosynthesis (Spudich 2006). Type II opsin genes are present only in higher
eukaryotes and are mainly responsible for vision, but also play roles in circadian rhythm and pigment regulation (Sakmar 2002; Shichida and Yamashita 2003).
Type II opsins encode G-protein-coupled receptors (GPCRs). In the dark, these proteins bind
retinal in the 11-cis configuration (Fig. 2A, bottom). Upon illumination, retinal isomerizes to the alltrans configuration (Fig. 2A, top) and initiates the reactions that underlie the visual phototransduction second messenger cascade. After photoisomerization, the retinal–protein linkage is hydrolyzed;
free all-trans retinal then diffuses out of the protein and is replaced by a fresh 11-cis retinal molecule
for another round of signaling (Hofmann et al. 2009). In contrast, type I opsins encode proteins that
use retinal in the all-trans configuration, which isomerizes upon photon absorption to the 13-cis
configuration (Fig. 2A, middle). Unlike the situation with type II rhodopsins, the activated retinal
molecule in type I rhodopsins does not dissociate from its opsin protein, but thermally reverts to the
all-trans state while maintaining a covalent bond to its protein partner (Haupts et al. 1997). Type I
opsins encode distinct categories of protein, discussed in more detail below.

LIGHT-GATED ION PUMPS: BACTERIORHODOPSINS, PROTEORHODOPSINS,
HALORHODOPSINS
Bacteriorhodopsin (BR) was described by Oesterhelt and Stoeckenius (1971) as the first single-component transmembrane protein known to be capable of actively translocating ions across the cell membrane in the light; it was also recently shown to function as an optogenetic tool (Gradinaru et al. 2010).
BR is highly expressed in haloarchaeal membranes under low oxygen conditions to maintain a proton
gradient across the membrane when respiration ceases (Oesterhelt and Stoeckenius 1971) and to drive
ATP synthesis and maintain cellular energetics (Racker and Stoeckenius 1974; Michel and Oesterhelt
1976). Early work on BR noted that the protein cycles between states that absorb light at 568 nm and
400 nm (Oesterhelt and Hess 1973). Further research into the mechanism of this reaction led to
detailed descriptions of a more complete photocycle, in which BR shuttles among several functional
states called photointermediates (Fig. 2B; Stoeckenius et al. 1977). Each photointermediate has a distinct spectral signature and represents a separate reaction in the proton translocation process. The photocycle is essentially comprised of a series of proton transfer reactions, each with a unique role in the
process of routing protons from the intracellular to the extracellular space (Luecke et al. 1999).
Photon absorption by BR initiates the isomerization of bound retinal from the all-trans to the
13-cis configuration (Fig. 2B), thereby triggering a series of proton-transfer reactions that constitute
the proton translocation mechanism of BR (Fig. 2C). The conformational shift and changing dipole
of the RSBH+ raises its pK, resulting in release of the RSB proton and generating the M intermediate, named after the active state of vertebrate rhodopsin, which maximally absorbs light at 410 nm;
the released proton is accepted by the nearby Asp-85, which is part of the counterion complex. A distinct proton is then released from a group of amino acids near the extracellular side of the opsin,
termed the proton release complex (PRC), out to the extracellular medium. At this point, the RSB
captures a proton from Asp-96, and the protein enters the N intermediate, which absorbs at 560 nm.
Asp-96 is then reprotonated by resident cytoplasmic protons, which is the key step in modulating
cellular proton concentration. During this Asp-96 proton uptake, the Schiff base reisomerizes back
to all-trans (defining the O state), which absorbs at 630 nm. In the final step, Asp-85 transfers its pro© 2011 by Cold Spring Harbor Laboratory Press
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ton to the PRC, thereby completing one full photocycle and returning BR to its original state. The
net outcome is that, upon absorption of a single photon, BR releases one proton to the extracellular
milieu and absorbs a second proton from the cytoplasm in a sequence of steps that are spatially disconnected. As discussed below, amino acids involved in the proton translocation reactions are commonly conserved across other type I opsins with homology to BR and appear to function as a
conserved pathway for proton translocation.
Light-driven proton pumps are not restricted to archaea but are also found in eubacteria. Marine
proteobacteria represent a diverse and widespread class of eubacteria found from the Arctic to the
Antarctic Oceans, including equatorial and temperate waters at many depths (Sabehi et al. 2007;
Atamna-Ismaeel et al. 2008). Their associated opsin genes encode proteorhodopsins (PRs), with proton pump photocycles similar to that of BR (Váró et al. 2003). However, although PRs can be used
to drive ATP production, some proteobacteria do not grow faster in response to increased light, and
others have photocycles too slow to contribute significantly to cellular energy production, suggesting other functions for PR (Spudich 2006). The spectra of marine PRs are tuned to ocean depth and
latitude, and PRs share a high degree of sequence similarity across species, suggesting that genomic
techniques might contribute to our understanding of opsin spectral tuning (Man et al. 2003).
Interestingly, absorption variances between blue and green wavelengths can depend on a single
amino acid residue (Béjà et al. 2001; Man et al. 2003), but attempts to transfer mutations conferring
spectral tuning from PR to other microbial opsins have met with limited success (Yoshitsugu et al.
2009). Nevertheless, the utility of single-amino-acid modifications in shifting absorption spectra has
been exploited in vitro to screen randomly mutagenized PR libraries, yielding both red- and blueshifted mutants (Kim et al. 2008).
Although BR and PR can certainly generate outward (i.e., hyperpolarizing) currents that could
in principle be useful for neuronal inhibition, these pumps can produce local juxtamembranous
(especially extracellular) pH changes (Chow et al. 2010; Gradinaru et al. 2010). In contrast,
halorhodopsin (HR) is a distinct class of outward-current-generating archaeal opsin that uses chloride ions (Matsuno-Yagi and Mukohata 1977). HR is an electrogenic ion pump that controls gradients across the cell membrane by transporting chloride ions from the extracellular medium into the
cell (Schobert and Lanyi 1982; Bamberg et al. 1984). Its primary photocycle, although qualitatively
similar to that of BR, does not show RSBH+ deprotonation (Oesterhelt et al. 1985; Essen 2002)
because of a single amino acid change at the acceptor Asp (Fig. 3A): After the light-induced retinal
isomerization and RSBH+ dipole switch, the proton cannot be released because the acceptor Asp has
been replaced by Thr. Instead, a Cl− ion is shuffled from the external side of the RSBH+ chromophore
to the internal side, which is then funneled in subsequent steps to bulk intracellular phase; the external Cl− binding site is refilled by an extracellular Cl− ion (Fig. 2D; Kolbe et al. 2000).
Halorhodopsin was the first archaeal protein to be successfully applied in neuroscience, when an
experimental screen (Zhang et al. 2007) revealed that the best-known HR (from Halobacterium salinarum) failed to maintain stable photocurrents when expressed heterologously, but the HR from the
less halophilic Natronomonas pharaonis (Scharf and Engelhard 1994) expressed and functioned in
metazoan neurons even in vivo and could block cellular activity and action potentials by hyperpolarizing neurons with electrogenic inward Cl− currents. Inactivation is modest, allowing stable, step-like
currents over many tens of minutes in response to steady yellow light (Zhang et al. 2007). Because of
the stoichiometry of only one transported Cl− per photocycle, robust expression is required. This is
best achieved by addition of mammalian membrane trafficking signals (Gradinaru et al. 2008), which
could become a common theme when adapting prokaryotic membrane proteins for expression in
mammalian cells. Under these conditions, nanoampere-scale currents and hyperpolarizations of
>100 mV can be achieved, with responsivity to yellow or even red light pulses (Gradinaru et al. 2010).
Following the discovery of BR and HR, two more retinal-binding proteins were identified from H.
salinarum. Sensory rhodopsin I (SR-I) and phoborhodopsin (now termed SR-II) were identified initially as behaviorally relevant photosensors (Hildebrand and Dencher 1975; Takahashi et al. 1985).
SRs use a photocycle similar to that of BR (Spudich and Bogomolni 1984; Spudich 1998), except that
light-initiated conformational changes and internal proton movement within the opsin are used to
© 2011 by Cold Spring Harbor Laboratory Press
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FIGURE 3. Structural and functional homologies of BR and ChR. (A) Sequence homology between the algal ChRs and
BR within the third transmembrane helix. Identical and conserved residues are highlighted in yellow and blue, respectively; amino acids interacting with the chromophore are shown in red. In BR, R82 functions as a connector between
counterion and the PRC; D85 is the counterion to which the RSB proton is transferred; W86 provides hydrophobicity for retinal binding; and the hydrogen bond between T90 on helix 3 and D115 on helix 4 (not shown) stabilizes
the structure of the binding pocket and enables both residues to control rapid reprotonation and reisomerization of
retinal to the all-trans state following a light pulse. (NpHR) Natronomonas pharaonis HR. (B) Anticipated homology in
the retinal binding pocket between BR and ChR2. The BR pocket is shown based on structure 1KGB (Facciotti et al.
2001) with key amino acids that are involved in the proton transfer reaction. The ChR2 pocket was modeled after the
BR structure, based on sequence homology in the relevant positions. (C) Model for the photocycle of ChR2. The RSB
configuration and conductive state of each photocycle component are shown in red and black, respectively. The D470
dark state is converted by a light-induced isomerization of retinal via the early intermediate P500 and the transient
intermediate P390 to the conducting state P520. The recovery of the D470 dark state proceeds either thermally via
the nonconducting P480 intermediate or photochemically via possible short-lived intermediates (green arrow). The
late or desensitized P480 state can also be activated (blue arrow) to yield the early intermediate P500.

activate a closely associated transducer molecule, Htr (Büldt et al. 1998; Chen and Spudich 2002). The
activated transducer initiates a phosphorylation cascade that controls the directionality of the flagellar motor and facilitates phototaxis to either the green–yellow range of wavelengths (SR-I, peak
absorption 587 nm) or away from the blue range (SR-II, peak absorption 487 nm) (Spudich and
Bogomolni 1984; Spudich 2006). Because prokaryotic kinase cascades are fundamentally different
from eukaryotic second messengers, opportunities to translate SR function to other systems are more
complicated than with the ion conductance-regulating microbial opsins such as HR, although SR
proton pumping is possible (Haupts et al. 1996).

LIGHT-GATED ION CHANNELS: CHANNELRHODOPSINS
Continuing the theme of single-component microbial transmembrane ion conductance regulators,
channelrhodopsin-1 (ChR1) was identified as a light-gated ion channel in Chlamydomonas rein© 2011 by Cold Spring Harbor Laboratory Press
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hardtii, a green unicellular alga from temperate freshwater environments. Although it was originally
identified as proton-selective (Nagel et al. 2002), a broader cation conductance for ChR1, including
Na+ and K+, was later described (Lin et al. 2009; Tsunoda and Hegemann 2009). Channelrhodopsin2 (ChR2) was later discovered in the same organism: ChR2 also conducts protons, but its Na+ and
K+ conductances are more than twofold greater than those of ChR1 (Nagel et al. 2003; Tsunoda and
Hegemann 2009). ChR2 was found to express robustly enough in mammalian neurons that precisely
timed light-driven action potentials were achievable (Boyden et al. 2005).
Both ChR1 and ChR2 bear some homology to BR and other type I rhodopsins; this homology
is strong in the retinal-binding pocket and proton-conducting network (Hegemann et al. 2001;
Nagel et al. 2002, 2003; Sineshchekov et al. 2002; Suzuki et al. 2003), suggesting related mechanisms
of ionic phototransduction (Fig. 3B). Indeed, the photocycle of ChR2 is similar to that of BR but
with different spectral characteristics, likely resulting from variations in the ionic environment near
the RSB, larger conformational changes within the protein (Fig. 3C; Ritter et al. 2008; Radu et al.
2009), and possibly higher water content within the proton network. In ChR2, a dark-adapted state
absorbing at 470 nm (D470) converts rapidly upon illumination to the conducting state (P520) via
the short-lived photointermediates P500 and P390. Illumination of the open channel at this step
with green light terminates the photocurrent (Bamann et al. 2008; Berndt et al. 2009) by photochemically shifting the channel back to a closed state, which could be the dark-adapted state (D470)
or the light-adapted state (P480) (K. Stehfest and P. Hegemann, unpubl.), effectively resetting the
photocycle.
This photocycle shortcut pathway could be relevant only at very high light intensities with wildtype ChR2, but acquires a special utility with certain molecularly engineered slow mutants (e.g., stepfunction opsin genes or SFOs) (Berndt et al. 2009). Indeed, as with the light-activated ion pumps,
molecular engineering and genomic strategies have begun to bear fruit for enhancing function of the
light-activated ion channels for particular purposes. The long history of structure–function mutagenesis with regard to photocycle kinetics and absorption spectra in BR, along with the high degree of similarity between BR and ChRs in the chromophore region, has been capitalized on to modify the ChR
photocycle and extend the array of tools available to control neuronal activity. For example, SFO mutations at Cys-128 in ChR2 (homologous to Thr-90 in BR) (Perálvarez-Marin et al. 2004) gives rise to a
several-hundred-fold extension of the open state (P520) lifetime and resulting long-acting (step function-like) ion fluxes in ChR2 in response to single pulses of light. This property leads to useful bi-stable behavior in the form of sustained subthreshold activation of neurons lasting up to minutes (Berndt
et al. 2009; Stehfest et al. 2010). A histidine-to-arginine mutation in the residue homologous to the proton donor Asp-96 in BR (i.e., H134R in ChR2) increases photocurrents, but also slows the deactivation
of ChR2 photocurrents, impairing temporal resolution (Nagel et al. 2005; Gradinaru et al. 2007).
Chimeric proteins containing fragments of ChR1 and ChR2 reduce inactivation and alter the overall
expression in mammalian cells toward higher or lower expression, depending on the individual helices
shuffled (Lin et al. 2009; Wang et al. 2009). Finally, modification of the proton acceptor (homologous
to Asp-85 in BR) in the Glu-123 position (i.e., ChETA mutations [E123T and E123A]) (Gunaydin et
al. 2010) leads to much more rapid channel closing and enables ultrafast optical control of spiking at
least up to 200 Hz, with reduced inactivation and improved overall performance.
Genomic strategies have also been productive. For example, novel ChRs have been identified by
genomic search strategies in the colonial alga Volvox carteri, expanding the family of known ChRs to
four members. Volvox ChR2 absorbs similarly to ChR2 with a maximum near 470 nm, but the Volvox
ChR1 (VChR1) absorption is strikingly red-shifted to a maximum at 540 nm (Fig. 1) and allows
light-driven spike firing at 589 nm, which has profound advantages for optogenetic applications
(Zhang et al. 2008; Kianianmomeni et al. 2009). Generally, light at longer wavelengths is less deleterious for biological tissue. Moreover, tools with diverse spectral tuning offer the potential of addressing multiple distinct neuronal populations that are anatomically intermixed, with different colors of
light. Identification of natural opsins in this way, along with rational engineering for novel properties, will likely continue to be productive.
© 2011 by Cold Spring Harbor Laboratory Press
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QUANTITATIVE CONSIDERATIONS: OPSIN BIOPHYSICAL PROPERTIES
Many factors control the efficacy of microbial opsins expressed in heterologous systems, not the least
of which are cell biological properties ranging from effective transcription, translation, and folding,
to proper membrane trafficking and targeting. However, biophysical properties will in many cases
be similarly important limiting factors. The most basic of these is the efficiency of light absorption,
expressed by the extinction coefficient (εmax). For rhodopsins, εmax is typically between 50,000 and
70,000 M−1 cm−1, less than that of chlorophyll (100,000 M−1 cm−1) but more than that of most other
biological chromophores such as flavins (12,000 M−1 cm−1). Another important parameter is quantum efficiency (Φ, the fraction of absorbed photons that are efficacious in driving the relevant conformational change), which varies between 0.3 and 0.7 depending on the opsin species.
Also worthy of detailed consideration is the turnover time of the photocycle, a critical figure of
merit both for native function and for neuroscience applications. For the most active transporters
(HR and BR), the photocycle turnover time is ~10–20 msec. Turnover is slower for the blue PR
(80–100 msec) (Wang et al. 2003), limiting the development of blue PRs for neuroscience applications. However, even these values come from measurements at zero membrane voltage; the turnover
for the fast pumps at a more physiologically negative voltage slows dramatically from 10–20 msec to
100–400 msec (Geibel et al. 2001). Thus, the more negative membrane voltage becomes, the slower
the photocycle becomes, and more light is needed to achieve a given increment of hyperpolarization.
Interestingly, this also means that by hyperpolarizing the membrane, the pump slows down its own
photocycle, an effect that will be enhanced by changes in the electrochemical gradient of the transported ion. In general, however, pump direction is not actually inverted by physiologically achievable membrane potentials or ion gradients. Although such an inversion has been reported for PR,
the driving force against the normal pump direction arose from extreme negative voltage and a
strong pH gradient; under these conditions, the pump can become leaky as protons are forced onto
an internal acceptor (Lörinczi et al. 2009). Generally, pump inversion per se is not expected, especially in physiological settings.
For ChRs the kinetic issues are different. Ion transport (i.e., current) is coupled to occupancy of
the conducting state. This, in turn, is determined by light intensity and wavelength, extinction coefficient, and quantum efficiency, as well as by a new factor, the lifetime of the resulting conducting
state, dictated by the kinetics of the P520–P480 transition (Fig. 3C). For temporally precise depolarization with a single flash, wild-type ChR2 is adequate. In contrast, because of its extended conducting-state lifetime, the H134R mutation of ChR2 noted above delivers approximately twofold
higher photocurrents, although temporal precision is somewhat reduced as a result of moderately
slower deactivation (Nagel et al. 2005; Gradinaru et al. 2007; Lin et al. 2009). The SFO variants of
ChR2, with the greatly slowed deactivation described above (e.g., C128X) (Berndt et al. 2009),
achieve chronic depolarization with even brief light delivery. Moreover, in principle, these variants
can achieve the same maximal current magnitudes as wild-type ChR but at much lower light levels
(Schoenenberger et al. 2009). For a 10-msec lifetime open state (Ritter et al. 2008), ChR2 would have
to be excited ~100 times per second for a half-saturating stable current. Assuming an absorption
cross-section of 2 × 10−20 m2, this would require 5 × 1021 photons/m2-sec (i.e., 5 × 1012 photon/mmmsec or 2 mW/mm2) chronically. However, as a result of the extended-lifetime conducting states,
C128T needs 100 times less light and the C128S mutant more than 1000 times less chronic light
delivery for the same activity (Berndt et al. 2009).
Accelerating steps in the photocycle can also present certain advantages. For high-frequency neuronal firing, both fast-on and fast-off kinetics are important, requiring fast formation and decay of
the P520 photocycle intermediate. Only the ChETA mutations (e.g., ChR2-E123T or E123A) can
provide this unique functionality at present. Total current per flash is slightly smaller than for wildtype ChR2 because of the shorter open time, but as long as good expression is achieved, this can be
compensated for by slightly more intense or longer flashes (e.g., 2 msec instead of 1 msec)
(Gunaydin et al. 2010). Inactivation must also be considered, which is fast but weak in ChR1 and
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slow but strong in ChR2. Inactivation is more pronounced at high voltage (i.e., weakly negative or
positive) and approaches 70% of peak current at pH 7.5. If inactivation of the current becomes
problematic, ChR-E123T (Gunaydin et al. 2010), the ChIEF variant (Lin et al. 2009), or ChR2-E90Q
(Ritter et al. 2008) might be suitable.
In addition to conducting-state lifetime, the unitary conductance of a channelrhodopsin will also
control efficacy, and estimates for this important value range from 30 fS to ~1 pS for ChR2
(Feldbauer et al. 2009; Lin et al. 2009). In the living alga Chlamydomonas, half-maximal current is
carried by 1 × 106 ions; if there were 10,000 ChRs per eyespot with quantum efficiency of 0.67 (as
with BR), this would correspond to 100 ions per ChR (Harz et al. 1992) and a unitary conductance
of 0.3 pS. More recent estimates of opsin number (~100,000 per eyespot) (Sineshchekov et al. 2002;
Berthold et al. 2008) put the ions per ChR at 10, and conductance therefore at 30 fS. Recently, this
value has been supported by application of noise analysis to purified ChR2 (40 fS) (Feldbauer et al.
2009), although nonstationary fluctuation analysis had resulted in somewhat higher values (>100
fS) (Lin et al. 2009). Despite the uncertainties inherent in all of these methods, the resulting estimates are still reasonably close and together provide useful boundary conditions.
The size of the unitary conductance is also relevant to the prospect of achieving two-photon (2P)mediated control. Conventional 2P methods pose challenges in this regard, as small excitation volumes with raster-scanning 2P laser systems will typically not recruit sufficient numbers of
small-conductance, rapidly deactivating molecules to, for example, drive spiking. Two main
approaches are being developed to address this issue, and 2P optogenetic control can now be
achieved. First, control of light delivery can be adapted to individual imaged cells to provide spatiotemporally suitable illumination patterns that will recruit sufficient conductance within a single
cell and within a temporal window set by current deactivation properties (Rickgauer and Tank 2009).
Second, engineered opsins (e.g., SFOs and related mutants in which the deactivation kinetics are
altered) can facilitate recruitment of threshold levels of conductance within a given temporal window.
In this way, 2P-based recruitment of sparsely distributed cell populations within living tissue can
become practical, pointing to the value of continuing to probe the structure–function relationships
of the microbial opsins.
The action spectrum is also important, and developing absorbance at longer wavelengths than
ChR2 (λmax = 470 nm) is particularly useful for depth penetration, safety, and combinatorial experiments. ChR1 is slightly red-shifted, but does not express well and is pH-dependent. VChR1 (Zhang et
al. 2008) absorbs at markedly red-shifted wavelengths (λmax = 540 nm), and spiking can be driven even
at 589 nm in hippocampal neurons, but expression levels are significantly lower than that of ChR2 in
most host cells. The slower decay of the open state (Zhang et al. 2008) partially compensates, but
improvement of VChR1 expression will be very important, and a strongly expressing channelrhodopsin that absorbs beyond 550 nm will outperform and be preferable to ChR2 in the future.
Indeed, as with VChR1, the channelrhodopsin variants have diverse useful properties but also corresponding limitations. For example, the SFO mutants have reduced dynamic range. Moreover, because
of SFO hypersensitivity and the long lifetime of intermediates, in vitro experiments should be maintained at low light to avoid unwanted activation by ambient light. When imaging is required, illumination should be restricted to nonactivating wavelengths (>560 nm). Complete deactivation of the
SFO prior to experiments with a long pulse of 590-nm light will assure that any baseline activity is
eliminated and will enable full activation of the SFO with 470-nm light at the desired time (Schoenenberger et al. 2009; Stehfest et al. 2010).

SUMMARY
In this chapter, we have focused on the diversity of the microbial opsin genes and the structure–function properties of the corresponding proteins. Methods for applying microbial opsins to neuroscience are covered in Chapters 79 and 80. Although much has been learned in applying the use of
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microbial opsins to neuroscience, technological challenges lie ahead, including development of variants with further red-shifted absorption or altered ion selectivity, as well as more complex activation
schemes with multiple optogenetic proteins. Biochemical tools are also now available for specific
GPCR pathways (Airan et al. 2009), and increasingly complex avenues of control and spectral separation will aid in the design of more refined experiments that do justice to the combinatorial complexity of the mammalian brain. Further rapid expansion of the optogenetic toolkit now will be a
natural consequence not only of ever-increasing genomic and metagenomic resources, but also of
molecular engineering spurred by increased understanding of the structure–function relationships
of these ancient and powerful molecular machines.
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