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ABSTRACT

A fundamental design principle of microbial rhodopsins is that they share the same basic light-induced conversion
between two conformers. Alternate access of the Schiff base to the outside and to the cytoplasm in the outwardly
open “E” conformer and cytoplasmically open “C” conformer, respectively, combined with appropriate timing of
pKa changes controlling Schiff base proton release and uptake make the proton path through the pumps vectorial.
Phototaxis receptors in prokaryotes, sensory rhodopsins I and II, have evolved new chemical processes not found in
their proton pump ancestors, to alter the consequences of the conformational change or modify the change itself.
Like proton pumps, sensory rhodopsin Il undergoes a photoinduced E — C transition, with the C conformer a tran-
sient intermediate in the photocycle. In contrast, one light-sensor (sensory rhodopsin I bound to its transducer
Htrl) exists in the dark as the C conformer and undergoes a light-induced C — E transition, with the E conformer
a transient photocycle intermediate. Current results indicate that algal phototaxis receptors channelrhodopsins
undergo redirected Schiff base proton transfers and a modified E — C transition which, contrary to the proton
pumps and other sensory rhodopsins, is not accompanied by the closure of the external half-channel. The article
will review our current understanding of how the shared basic structure and chemistry of microbial rhodopsins
have been modified during evolution to create diverse molecular functions: light-driven ion transport and

photosensory signaling by protein-protein interaction and light-gated ion channel activity.
This article is part of a Special Issue entitled: Retinal Proteins — You can teach an old dog new tricks.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The large family of microbial rhodopsins provides a vivid example
of evolution modifying a single protein scaffold to produce diverse
new functions (for reviews, see Refs. [1-6]). Family members share
a membrane-embedded seven-helix architecture forming an internal
pocket for the chromophore retinal bound in a protonated Schiff base
linkage to a lysyl residue in the middle of the seventh helix. Similar
photochemical reactions energized by photoisomerization of retinal
have been engineered by nature to drive distinctly different processes
in different microbial rhodopsins: light-driven outward proton trans-
port, inward chloride transport, and as reported very recently outward
sodium ion transport [7], photosensory signaling by protein-protein
interaction, and light-gated ion channel conduction.

Abbreviations: AFM, atomic force microscopy; BR, bacteriorhodopsin; BPR,
blue-absorbing proteorhodopsin; EPR, electron paramagnetic resonance; FTIR, Fourier-
transform infrared; HR, halorhodopsin; Htrl, haloarchaeal transducer for SRI; Htrll,
haloarchaeal transducer for SRII; RNAi, RNA interference; SRI, sensory rhodopsin I;
SRII, sensory rhodopsin II; CaChR1, Chlamydomonas augustae channelrhodopsin 1;
CrChR2, Chlamydomonas reinhardtii channelrhodopsin 2; DsChR1, Dunaliella salina
channelrhodopsin 1; MvChR1, Mesostigma viride channelrhodopsin 1; PsChR, Platymonas
subcordiformis channelrhodopsin; VcChR1, Volvox carteri channelrhodopsin 1
* This article is part of a Special Issue entitled: Retinal Proteins — You can teach an
old dog new tricks.
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As microbial rhodopsins with new functions have been discovered
it has been natural to analyze their physical and chemical properties
in terms of their similarities and differences to those of the light-
driven proton pump bacteriorhodopsin (BR), the first found and
best characterized member of the family (for review, see Refs.
[2,8]). For the prokaryotic sensory rhodopsins, SRI and SRII, subunits
of phototaxis signaling complexes, such comparative analysis has
been particularly informative. Their use of steps in the proton trans-
port mechanism for signal relay and their latent proton transport
activity when separated from other signaling complex subunits pro-
vide compelling evidence for their evolution from a light-driven pro-
ton pump [3,9]. The generalization of this evolutionary progression,
i.e. proton pumps as the earliest microbial rhodopsins, is consistent
with phylogenetic analysis [10], and a possible scenario is that
proton-pumping rhodopsins appeared first in evolution, underwent
extensive lateral gene transfer, and in multiple cells independently
evolved interactions with their signal transduction machinery to
acquire sensory functions. This notion may be reinforced or negated
as our knowledge of rhodopsin photosensor mechanisms increases.
In either case it is instructive to consider to what extent microbial
rhodopsins with newfound functions share mechanistic processes
with light-driven proton transporters, for which these processes
have been worked out in considerable, in several aspects atomic,
detail.

In this minireview we address aspects of the light-driven pumping
mechanism of BR that are shared and new aspects that have emerged
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in the two types of light-sensors whose physiological functions
have been identified: the prokaryotic phototaxis receptors sensory
rhodopsins I and II (SRI and SRII) and the algal phototaxis receptors
channelrhodopsins (ChRs). We consider the roles of key processes
in the proton pump mechanism in these rhodopsins whose functions
are other than proton pumping. The emerging information regarding
conserved features and new molecular processes in these members
of the microbial rhodopsin family provides intriguing insights into
how the proteins work as well as how they have evolved.

2. The ion pumping mechanism
2.1. Proton transfers and the Schiff base connectivity switch

In proton pumps, as first shown for BR from Halobacterium salinarum,
the dark conformation exhibits an outwardly-connected protonated
Schiff base poised for proton release to an exterior half-channel. This
conformation is denoted in this minireview as the E conformer (Fig. 1).
Light induces release of the proton to a counterion of the Schiff base, an
anionic aspartyl residue (Asp85) in the exterior channel, forming the
blue-shifted photocycle intermediate M, named after the mammalian vi-
sual pigment's deprotonated Schiff base photoproduct “metarhodopsin.”
In HsBR M formation is accompanied by an almost simultaneous release
of the proton to the outside medium from a proton release group. The
electrogenic Schiff base proton transfer to Asp85 is the first step in the
pumping process. The protein then undergoes a conformational change
during the lifetime of M (the M1 to M2 conversion) in which (i) a
half-channel forms from the retinal chromophore's deprotonated Schiff
base to the cytoplasm and (ii) the Schiff base switches its connection
(i.e. accessibility) to the cytoplasmic side (the C conformer). A second
aspartyl residue (Asp96) in the cytoplasmic channel serves as a proton
donor to the Schiff base. The alternate access of the Schiff base in the
E and C conformers combined with appropriate timing of pKa changes
controlling Schiff base proton release and uptake make the proton path

through the protein vectorial [2,8].
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The inward pumping of chloride ions by halorhodopsin (HR) can
be explained by the same Schiff base connectivity switch mechanism
that results in outward proton pumping by BR [11]. HR contains a
threonine residue at the corresponding position of Asp85 in BR. As
in the D85T mutant of BR, the absence of an anionic proton acceptor
at the 85 position inhibits deprotonation from the Schiff base. HR
contains a chloride ion bound as a counterion to the protonated Schiff
base near the threonine in the external half channel, and when
the protonated Schiff base undergoes the photoinduced switch
in connectivity from the external to the cytoplasmic half channel
the chloride ion follows the positive charge, thereby being actively
transported inward across the membrane. A striking confirmation
that the same alternating access switch that accomplishes outward
proton pumping in BR is capable of driving inward chloride pumping
is that BR with the single mutation D85T exhibits light-driven inward
chloride transport activity [11].

Schiff base connectivity can be defined empirically by electro-
physiological measurement of the direction of current produced by
the light-induced release of the proton from the Schiff base and
its reprotonation. In BR and other light-driven proton pumps both
currents are outwardly directed indicating that reprotonation occurs
from the opposite side of the membrane than the side to which the
proton was released (i.e. a Schiff base connectivity switch occurred).
Equivalently, in HR the same direction of currents as in BR (positive
outward movement) is observed due to the inward displacements
of chloride ion. Such measurements performed in other rhodopsins
have been informative as described below in elucidating the signifi-
cance of connectivity switching in sensory signaling as well as transport
mechanisms.

2.2. Helix movement in the conformational change

The largest structural change in the E — C conversion is a laterally
outward movement of the cytoplasmic half of helix F [12,13].
Cryoelectron crystallography of natural functional 2-D crystals of BR
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Fig. 1. Microbial rhodopsin conformers. The figure depicts light-induced conformer transitions in the indicated microbial rhodopsins in their native functional state. BR, bacteriorhodopsin;
HR, halorhodopsin; SRI, sensory rhodopsin I; SRII, sensory rhodopsin II; ChR, channelrhodopsin. E (green), conformer with externally-connected Schiff base and exterior half-channel open;
C (red), conformer with cytoplasmically-connected Schiff base and cytoplasmic half-channel open; C/E (purple), conformer with an open channel from the extracellular to cytoplasmic surfaces

of the protein.
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frozen within 1 ms after illumination to trap the C conformer was
used to construct a projection difference Fourier map at near-atomic
resolution [14]. This projection structure revealed a significant lateral
displacement of helix F density by 3.5 A. Based on the projection dif-
ference maps and a low resolution 3-D difference map, Subramaniam
and Henderson proposed that the main features of the structural
change in the E — C photoconversion were likely to be an ordering
of helix G at the cytoplasmic end and an outward ~6-degree tilt of
helix F, with Pro186, buried in the membrane-embedded portion of
the helix, likely to serve as a hinge residue [15].

The lateral displacement of helix F toward the periphery of the
protein would be expected to expand the structure on the cytoplasmic
side thereby opening a proton-conducting channel. The tilting of helix
F has been further defined by EPR using dipolar coupling distance
measurements [16-18] and by direct and dynamic visualization using
high-speed AFM [19]. Elegant time-resolved molecular spectroscopic
studies have identified also residue changes and water molecule move-
mentsinthe E — C transition in BR [20-22], but to test the generality of
the conformational change in the microbial rhodopsin family, the two
well-established properties of the C conformer considered here are
(i) the connection of the Schiff base to the cytoplasmic side of the
protein and (ii) an open channel from the Schiff base to the cytoplasm,
detectable structurally as a tilting of the cytoplasmic portion of helix F
away from neighboring helices.

3. Sensory rhodopsin II: Something old and something new

The isolated SRII protein in the dark is in the E conformation, as
shown by (i) its near superimposable helix positions to the BR E con-
former [23], (ii) its light-induced Schiff base proton release outward
to the aspartate residue corresponding to Asp85 in BR [24,25], (iii) its
light-induced E — C transition according to helix F motion assessed
by EPR [26,27], (iv) the similarity of late photocycle backbone changes
of BR and SRII measured by FTIR [28], and (V) its ability to pump protons
when free of its transducer Htrll, as first found for transducer-free SRI
[29,30] showing that these sensory rhodopsins must switch Schiff
base connectivity during the conformational change [6,9]. In both SRI
and SRII, the binding of their cognate Htr transducers blocks their
proton pumping activity [31,32]. In Htrll-free SRII, unlike in Htrl-free
SRI, strong pumping occurs only in the presence of azide, or after the
mutation F86D, in the position corresponding to Asp96 in BR [33].
Like SRI, pumping by SRII/F86D is suppressed by complexation with
its cognate Htr transducer [34]. The structure of SRII bound to Htrll is
indistinguishable at 2 A resolution from that of the free form, except
for one SRII surface residue that makes a crystal contact in the latter
[23,35]. The similarities of SRII to BR raised the question whether
the E — C transition is sufficient for phototaxis signaling. If so, the
light-induced E — C transition of BR, mutated at 2 positions on its
lipid-facing surface to mimic SRII's bonded contacts with Htrll, might
activate the transducer. Such a double mutant of BR was found to bind
to Htrll, but no phototaxis was observed [36].

In parallel work a steric interaction between the isomerizing retinal
and residues in the retinal binding pocket, detected by Hideki Kandori's
laboratory by cryo-FTIR [37], was found to be essential for SRII signaling,
since mutations that eliminated the steric conflict (e.g. T204A or
Y174F), evident in FTIR spectra of the first SRII photointermediate K,
eliminated phototaxis without major effects on SRII expression nor
on the SRII photocycle [38]. An analogous steric interaction does not
occur in BR, which contains Ala215 at the corresponding position
of Thr204, the interacting residue in SRII [39]. Remarkably, simply
substituting Thr for Ala (mutation A215T [40]) into the Htrll-bound
double mutant of BR produced the triple mutant “BR-T” that exhibits a
steric conflict during retinal photoisomerization chemically very similar
to that in SRII [41] and exhibits robust phototaxis signaling through
Htrll [36]. This result demonstrated a causative role of the steric conflict,
a “steric trigger” for signaling. The results indicate a model in which the

canonical conformational change combines with the structural conse-
quence of the steric trigger to transfer the photosignal to HtrlI (Fig. 2).

4. Sensory rhodopsin I: Opposite signaling by running the
conformational change in reverse

Sensory rhodopsin I (SRI) also exhibits a steric trigger as a new
feature not found in BR. A steric interaction in SRI occurs between the
13-methyl group of the retinal and a protein residue [42], very likely
Leu84 based on modeling the SRI structure using BR as a template
[43]. Without this interaction SRI does not form a primary photoproduct
and returns from the excited state to the all-trans retinal ground
state without conformational changes or signaling function. Results
from low temperature flash photolysis suggest a model in which the
retinylidene 13-methyl group steric contact with Leu84 functions as a
fulcrum to permit movement of one or both ends of retinal to overcome
an energy barrier against isomerization [44]. Note that the steric trigger
in SRI is very different from that in SRII in that in the latter the steric
conflict occurs between residue Thr204 and C14H in the retinylidene
polyene chain [39], and its absence does not prevent retinal isomeriza-
tion nor a photochemical reaction cycle including deprotonation of the
retinylidene Schiff base, but does prevent signal relay to Htrll [36,38].

Sensory rhodopsin I when free of its normally tightly bound trans-
ducer Htrl functions as a light-driven proton pump undergoing, like
BR, a light-induced E — C conformer transition, and binding of Htrl
inhibits this activity [30,45]. Over the past few years, it has become
clear that SRI when bound to Htrl in the attractant phototaxis complex
exhibits the two defining properties of the C conformer: (i) transducer-
bound SRI undergoes photorelease of the Schiff base proton to the cyto-
plasmic side of the protein [45,46], unlike BR, transducer-free SRI, and
SRII (with or without Htrll) which all release the proton towards the
exterior diagnostic of the E conformer; (ii) SRI exhibits photoinduced
inward tilting of the cytoplasmic portion of helix F toward the protein
center [27] as shown by the same type of EPR dipolar coupling distance
measurements that revealed an outward tilting movement of helix F in
BR [16-18] and SRII [26,27]. Furthermore, Asp76, the exteriorly located
residue corresponding to the counterion to the protonated Schiff base
and proton acceptor in BR and in SRII, is protonated in the dark attrac-
tant receptor state at physiological pH in the SRI-Htrl complex as it is
in the C conformer photointermediates of BR and SRII [46,47]. Finally,
SRI bound to the mutant transducer Htrl_E56Q exhibits the opposite
properties (extracellular connectivity of the Schiff base, untilted helix
F, low Asp76 pKa) compared to the native attractant complex, and
also exhibits inverted (repellent) signaling [27,45,46]. Evidently in
the SRI-Htr_E56Q complex the SRI dark form is the E conformer and
the photoinduced E — C conversion generates a repellent (CheA kinase
activating) signal, whereas in the wildtype SRI-Htrl complex the
photoinduced C — E conversion mediates an attractant (CheA kinase
inhibiting) signal.

In summary, SRI and SRII undergo closely similar photoreactions
as BR exhibiting light-induced transitions between E and C con-
formers, switching of Schiff base connectivity, and similar structural
changes (although in SRI the changes are in the opposite direction)
in spite of the absence of vectorial proton translocation by these
photosensors when bound as subunits in their natural complexes.
Also both sensors have developed steric interactions with the retinal
during photoisomerization not present in BR and essential for their
signaling functions.

5. Channelrhodopsins
5.1. Background
Besides the prokaryotic SRs, the only other microbial rhodopsins

with a firmly established sensory function in their native cells
are the phototaxis receptors in green flagellate algae [48-50].
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Fig. 2. Photoisomerization-induced steric trigger in the SRII-HtrIl complex. SRII, sensory rhodopsin II; Htrll, haloarchaeal transducer for SRII The three residues in SRII circled in red
are those which, when engineered into bacteriorhodopsin, enable bacteriorhodopsin-mediated phototaxis signaling through Htrll [36]. Redrawn from Ref. [30].

When expressed in animal cells, these algal sensory rhodopsins
act as light-gated cation channels, and were therefore named
“channelrhodopsins” (ChRs) to emphasize this unique property,
unknown in other microbial rhodopsins or in fact in any other proteins
[51,52]. This discovery provided a boost to the field of optogenetics,
i.e., using genetically encoded tools to control activity of specific cell
types by light with high temporal and spatial resolution (reviewed by
Refs. [53-56]). Heterologous expression also opened the possibility to
study ChRs in experimental systems under voltage clamp and defined
ionic conditions and made possible purification of ChRs for spectroscopic
analysis [57,58] and crystallization [59,60], difficult to achieve directly
from algae, which contain only ~10° ChR molecules per cell [49].

5.2. Light-induced proton transfers

The mean amplitude of whole-cell channel currents generated by
different ChRs in heterologous systems differ by as much as 10-fold,
and this difference cannot be explained only by a difference in their
expression levels [61]. In ChRs with relatively low channel efficiency
(such as CaChR1 from Chlamydomonas augustae, VcChR1 from
Volvox carteri and DsChR1 from Dunaliella salina) laser flash excitation
elicits fast current components that precede channel opening [61].
These components are similar to those well-characterized in BR and
other rhodopsin pumps (reviewed in Refs. [62,63]), beginning with
an initial unresolved inward current that in BR corresponds to the
early stages of the photocycle associated with the formation of K
and L intermediates, and is attributed to the isomerization of the
chromophore and a coupled motion of the Arg82 residue [64].

In three low efficiency ChRs tested, the initial inward current is
followed by a fast outwardly-directed weakly voltage-dependent
signal in the time window of M intermediate formation attributable
to a transfer of the Schiff base proton to an outwardly located acceptor
[61]. Hence, at least in those ChRs an E-conformation of the dark state
in cell membranes is confirmed experimentally.

The complex Schiff base counterion in ChRs includes two conserved
carboxylate residues, homologous to Asp85 and Asp212 in BR, although
the position of the side chain of the Arg82 homolog is closer to that
in NpSRII [23,60]. Neutralization of either Asp85 and Asp212 leads to
a block or severe inhibition of formation of the M intermediate in BR
[65,66]. In contrast, in CaChR1 [67], M formation was observed in both
corresponding mutants with even greater yields than in the wild type

[61]. Correspondingly, the outward transfer of the Schiff base proton
was absent in both BR mutants [68], whereas in both CaChR1 mutants
this transfer was observed. Electrophysiological analysis of the res-
pective mutants of VcChR1 and DsChR1, in which the Asp85 position
is naturally occupied by Ala but could be reintroduced by mutation,
showed similar results. Therefore, in contrast to BR, two alternative
acceptors of the Schiff base proton exist at least in low-efficiency ChRs.

This conclusion is further corroborated by a clear correlation be-
tween changes in the kinetics of the outwardly directed fast current
and M formation induced by the counterion mutations in CaChR1.
Neutralization of the Asp85 homolog resulted in retardation of both
processes, whereas neutralization of the Asp212 homolog brought
about their acceleration [61]. The presence of a second proton acceptor
in addition to the Asp85 homolog in ChRs makes them similar to
blue-absorbing proteorhodopsin (BPR), in which the same conclusion
was deduced from pH titration of its absorption spectrum [69] and anal-
ysis of photoelectric signals generated by this pigment and its mutants
in Escherichia coli cells [25].

The existence of the initial step of the outward electrogenic proton
transport in low-efficiency ChRs [61] fits the notion that they are
“leaky proton pumps.” Small photoinduced currents measured at
zero voltage from CrChR2 expressed in electrofused giant HEK293
cells or incorporated in liposomes attached to planar lipid bilayers
have been interpreted as proton pumping activity [70]. However,
in CrChR2 and other high-efficiency ChRs (such as MvChR1 from
Mesostigma viride and PsChR from Platymonas subcordiformis) no out-
wardly directed proton transfer currents were detected [61]. A possi-
ble explanation for their apparent absence is that the direction of the
Schiff base proton transfer in high-efficiency ChRs strongly depends
on the electrochemical gradient and therefore cannot be easily resolved
from the channel current; in other words, unlike in BR, SRI, and SRI], a
Schiff base connectivity switch may not be required for their molecular
function, in this case channel opening. Taking into account these obser-
vations, the earlier reported currents attributed to pumping by CrChR2
[70] may reflect passive ion transport driven by residual trans-
membrane ion gradients, because their kinetics were very similar to
that of channel currents. On the other hand, we cannot exclude that in
high-efficiency ChRs the outward proton transfer current occurs but is
screened by a high mobility of other charges in the Schiff base environ-
ment. An inverse relationship between outward proton transfer and
channel currents revealed by comparative analysis of different ChRs
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suggests that the former is not necessary for the latter and may reflect
the evolutionary transition from active to passive ion transport in
microbial rhodopsins.

A time-resolved FTIR study identified the Asp212 homolog as the
primary proton acceptor in CrChR2, whereas no protonation changes
could be attributed to the Asp85 homolog [71]. However, neutraliza-
tion of either the Asp85 or Asp212 homolog in CrChR2 produces
very similar changes in photoelectric currents: both mutants exhibit
a large unresolved negative signal and accelerated and reduced
channel currents (authors, article in preparation). Also, both muta-
tions induce a red shift of the action spectrum (Ref. [72] and authors’
unpublished observations). Finally, formation of the M intermediate
is almost unperturbed by neutralization of the Asp212 homolog
[71], which is inconsistent with its role as a single proton acceptor.
Taken together, these results suggest the existence of alternative
acceptors of the Schiff base proton also in highly efficient ChRs, such
as CrChR2.

5.3. The conductive state and light-induced conformational change

The P520 intermediate is generally accepted to be a conducting
state in CrChR2, because its decay (~10 ms measured in detergent-
purified pigment) roughly correlates to channel closing (measured
in HEK cells and oocytes) after switching off the light, and because
additional illumination with green light closes the channel that is
opened in response to blue light stimulation [57,58,73]. However,
opening of the channel during the previous P390 state has also been
suggested, although the rise of this intermediate is much faster than
the rise of the channel current [74]. Channel opening initiated in M
is supported by the observation of the extremely long-lived M state
in CaChR1, which decays roughly in parallel with channel closing
[61]. Therefore, an interesting possibility is that the channel opens
during a spectrally silent transition between two different substates
of P390, similar to the M1 — M2 transition (an E — C conformation-
al change) in BR. The presence of such substates, with the transition
between them linked to the onset of protein backbone alterations,
was inferred from time-resolved FTIR data [71]. Passive ion conduc-
tance of ChRs requires opening of a cytoplasmic half-channel (e.g. for-
mation of the C conformer) without closing of the extracellular
half-channel.

As mentioned above, a major conformational change that occurs
during the M1 — M2 transition in BR is the outward movement
of helix F, which is accompanied by more subtle rearrangements of
the cytoplasmic moieties of helices C, E, and G. It is noteworthy that
an outward radial movement of helix F is the principal large-scale
change also associated with activation of vertebrate visual rhodopsin
(e.g., Refs. [75,76]), even in the absence of sequence homology
between microbial and animal (type 1 and type 2) rhodopsins [1].
An interesting hypothesis is that helix F movement may also contrib-
ute to channel opening in ChRs. Pro186, which is implicated in the
movement of helix F in BR, is conserved in all so far known ChR
sequences. However, experimental data have not been reported testing
this hypothesis. A high-resolution crystal structure of chimeric ChR in
the dark (E conformer) state is available [60], but no structures of inter-
mediates have so far been resolved. A putative cation-conducting path-
way appears to be formed by helices A, B, Cand G. It is open towards the
extracellular side, but its cytoplasmic side is occluded by two constric-
tions. Movement of the C-terminal end of helix A (possibly transmitted
from the photoactive site via movements of helices B, C and/or G) was
suggested to open the pore exit upon photoexcitation [60].

5.4. The second function of ChRs observed in vivo
There is no doubt that ChRs act in their native algal cells to depo-

larize the plasma membrane upon illumination thereby initiating
photomotility responses [77]. This depolarization can be measured

either in individual cells by the suction pipette technique [78], or
in cell populations by a suspension assay [79]. The direct light-gated
channel activity of these pigments in animal cells has been interpreted
as eliminating the need for any chemical signal amplification in algal
phototaxis [50], in contrast to, for example, animal vision. However,
the notion that the channel activity observed in ChRs expressed in
animal cells is sufficient for algal phototaxis is inconsistent with studies
in algal cells.

It was shown more than two decades ago that the photoreceptor cur-
rent in algal cells is comprised of two components [80]. The fast (early)
current has no measurable lag period and saturates at intensities corre-
sponding to excitation of all ChR molecules, which indicates that it is
generated by the photoreceptor molecules themselves. The magnitude
of this current in native algal cells corresponds to the value calculated
from the unitary conductance of heterologously expressed CrChR2 esti-
mated by noise analysis (Ref. [70] and our unpublished observations)
and the number of ChR molecules in the Chlamydomonas reinhardtii
cell [49]. Therefore this early saturating current, observed at high light
intensities, matches the activity expected from heterologous expression
of ChRs in animal cells. However, the second (late) current has a
light-dependent delay, saturates at ~1,000-fold lower light intensities,
and is carried specifically by Ca®* ions, permeability for which in ChRs
is very low [81]. This amplified Ca?"current plays a major role in the
membrane depolarization that causes photomotility responses in flagel-
late algae extending the photosensitivity of the algae by 3 orders of
magnitude [77,82,83].

RNAi knock-down experiments demonstrated that out of two ChRs
in C. reinhardtii, short wavelength-absorbing ChR2 predominantly
contributes to the delayed high-sensitivity photocurrent [48]. However,
the longer wavelength-absorbing CrChR1 is also involved in control
of Ca?"channels, because the phototaxis action spectrum comprises a
band corresponding to CrChR1 absorption even at low light intensities,
when the contribution of direct channel activity to the membrane
depolarization is negligible. The mechanisms by which photoexcitation

Na* K* Ca?*
H* caz+

C a2+
Ca?* cga2+

-
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Fig. 3. Channelrhodopsin functions in vivo. The figure depicts conclusions from
studies of ChR function in Chlamydomonas reinhardtii and related algae (reviewed in
Refs. [77,82,83]) that ChRs depolarize algal plasma membranes with two distinct mecha-
nisms, a direct light-gated channel activity as depicted in Fig. 1 attributable to the 7-helix
domain, and an amplified current dependent on an unidentified Ca?* channel activated by
ChRs either by direct protein—protein interaction or through intermediare components.
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of ChRs causes activation of these unidentified Ca? " channels are not
yet clear. Voltage and/or Ca? " gating seem unlikely because such gating
would lead to an all-or-none electrical response, whereas the late
photoreceptor current is gradual. The Ca®>* channels may be activated
directly by photoactivated ChRs or via intermediate enzymatic steps,
either of which is consistent with the short duration (<0.5 ms) of the
delay between the laser flash and the appearance of the late receptor
current (see model in Fig. 3). The mechanism of the 1000-fold amplifi-
cation of depolarizing current in the algae remains to be elucidated,
and is potentially of great utility in optogenetics if it can be reproduced
in animal cells.

Besides green flagellate algae, similar photoreceptor currents have
also been recorded from suspensions of the phylogenetically distant
freshwater cryptophyte alga Cryptomonas sp. [84]. The genome of the
related marine cryptomonad, Gulliardia theta, has been completely
sequenced. It contains at least seven type 1 opsin genes, but none of
them belong to the channelopsin subfamily. This raises the interesting
possibility that structurally unrelated rhodopsins may activate similar
amplification cascades in phototactic flagellates of different evolution-
ary origin.
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